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Geologic Controls On Porosity and Permeability 

in the Bethany Falls Limestone, Collier Flats Oil Field 

Comanche County, Kansas 

Abstract 

The Bethany Falls limestone reservoir of the Collier Flats Oil Field is composed of 

fossiliferous wackestones, peloidal and fossiliferous packstones, mixed oolitic-bioclastic 

grainstones and oolitic grainstones capped by a paleosol. These sediments were deposited on 

a paleotopographic high of the northern Anadarko shelf of Kansas. The paleotopographic 

high focused wave and current energy to form regressive oolitic and bioclastic sand shoals 

with a north-south marine sand belt morphology. The location of this paleotopographic high 

is likely related to rejuvenation of Pre-Pennsylvanian-age structures that form a hinge-line or 

flexural zone in the vicinity of the Collier Flats Oil Field. 

Effective porosity in the Bethany Falls limestone resulted from four dissolution and five 

cementation events. The first two dissolution ·and the first three cementation events are 

attributed to meteoric diagenesis, subaerial exposure and paleosol formation after Bethany 

Falls limestone deposition and during Galesburg shale deposition. The final two dissolution 

and the last two cementation events are related to burial diagenesis and occurred after 

Canville limestone deposition, burial and fracturing. A majority of the effective porosity is 

secondary porosity reduced by ferroan saddle dolomite, the final cementation event. Late 

post-burial fluid flow was focused preferentially in the center of the thickest portions of the 

carbonate sand shoals by preserved primary and secondary porosity connected by fractures 

caused by differential subsidence along the underlying flexural zone. 

Two porosity-permeability distributions are interpreted based on whole core analysis, 

depositional and diagenetic models. Oil wells were classified as high or low permeability to 

select a porosity-permeability correlation equation to estimate average permeability of an oil 



well in the Collier Flats Oilfield. The cementation factor, used in the Archie water 

saturation equation, was also modified to compensate for the higher percentage of secondary 

pores compared to primary interparticle pores, m= 2.5 and m=3.0 for oomoldic porosity. 

Bethany Falls limestone reservoir characterization of the Collier Flats Oil Field 

identified four reservoir heterogeneity types based on the Weber ( 1986) classification: ( 1) 

Type 6, Microscopic textural; (2) Type 2, Genetic Unit; (3) Type 3, Permeability Zonation 

within a genetic unit; and ( 4) Fracture. Identification and mapping of these reservoir 

heterogeneities will assist enhancement of oil recovery. 
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Geologic Controls On Porosity and Penneability 

in the Bethany Falls Limestone, Collier Flats Oil Field 

Comanche County, Kansas 

Abstract 

The Bethany Falls limestone reservoir of the Collier Flats Oil Field is composed of 

fossiliferous wackestones, peloidal and fossiliferous packstones,_ mixed oolitic-bioclastic 

grainstones and oolitic grainstones capped by a paleosol. These sediments were deposited on a 

paleotopographic high of the northern Anadarko shelf of Kansas. TI1e paleotopographic high 

focused wave and current energy to form regressive oolitic and bioclastic sand shoals with a 

north-south marine sand belt morphology. The location of this paleotopographic high is likely 

related to rejuvenation of Pre-Pe1msylvanian-age structures that from a hinge-line or flexural 

zone in the vicinity of the Collier Flats Oil Field. 

Effective porosity in the Bethany Falls limestone resulted from four dissolution and five 

cementation events. The first two dissolution and the first three cementation events are 

attributed to meteoric diagenesis, subaerial exposure and paleosol fonnation after Bethany 

Falls limestone deposition and during Galesburg shale deposition. The final two dissolution 

and the last two cementation events are related to burial diagenesis and occurred after Canville 

limestone deposition, burial and fracturing. A majority of the effective porosity is secondary 

porosity reduced by ferroan saddle dolomite, the final cementation event. Late post-burial 

fluid flow was focused preferentially in the center of the thickest portions of the carbonate sand 

shoals by preserved primary and secondary porosity connected by fractures caused by 

differential subsidence along the underlying flexural zone. 

Two porosity-permeability distributions are interpreted based on whole core analysis, 

depositional and diagenetic models. Oil wells were classified as high or low penneability to 

select the appropriate porosity-permeability correlation equation to estimate average 



penneability of an oil well in the Collier Flats Oilfield. The cementation factor, used in the 

Archie water saturation equation, was also modified to compensate for the higher percentage of 

secondary pores compared to primary interparticle pores, m= 2.5 and m=3.0 for oomoldic 

porosity. 

Bethany Falls limestone reservoir characterization of the Collier Flats Oil Field identified 

four reservoir heterogeneity types based on the Weber (1986) classification: (1) Type 6, 

Microscopic textural; (2) Type 2, Genetic Unit; (3) Type 3, Penneability Zonation within a 

genetic unit; and (4) Fracture. Identification and mapping of these reservoir heterogeneities 

will assist enhancement of oil recovery. 



Geologic Controls On Porosity and Permeability 

in the Bethany Falls Limestone, Collier Flats Oil Field 

Comanche County, Kansas 
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Chapter 1 
Introduction 

Purpose of Investigation 

Kansas petroleum production is a significant part of the Kansas economy and as such 

has been studied intensely by industry, state agencies and academia in the search for 

understanding and to enhance petroleum production. More than 350,000 wells have been 

drilled within the state producing approximately 5 billion barrels of oil with an estimated 11 

billion barrels yet to be produced (Baars et al., 1989). Pennsylvanian carbonates of the 

Lansing-Kansas City group have produced over two billion barrels of oil in central and 

western Kansas, and southern Nebraska. The productive Lansing-Kansas City strata are 

generally located on and adjacent to the Central Kansas Uplift (CKU). Many recent Lansing-

Kansas City discoveries are located west of the CKU extending from the Collier Flats field in 

Comanche County in south central Kansas to the Northrup field in Cheyenne County in the 

extreme northwestern comer of the state (Figure 1. 1). 

One focus of petroleum production, occurrence, and engmeenng research at the 

University of Kansas is enhanced oil recovery. This focus has brought together the geology 

and petroleum engineering departments in a cooperative effort to perform reservoir 

characterization to better understand the mechanisms and processes that govern petroleum 

production. Determining the geologic controls that affect porosity and permeability 

development and their distribution is a significant component in simulating primary production 

and assessing enhanced oil recovery (EOR) potential. This investigation is an attempt to 

identify the geologic processes that impact porosity and permeability development, reservoir 

continuity and heterogeneity in the Bethany Falls limestone of the Collier Flats oil field, 

Comanche County, Kansas (Figure 1. 1). 
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The Collier Flats field is a good candidate for this type of investigation because: (1) 

sufficient amounts of geologic data are available, (modern well logs with core); (2) the relative 

youth of the fields, (discovered in the l 970's); and (3) the wealth of geologic knowledge 

regarding Kansas cyclothems. This oil field has produced approximately 1.6 million barrels of 

oil and 4.5 billion cubic feet of gas in township 20 west, ranges 33 and 34 south, Comanche 

County, Kansas (Figure 1. 1). The majority of oil production occurs from the Missourian age 

Bethany Falls limestone member, Swope Limestone Formation, Kansas City Group, 

Missourian Stage, Upper Pem1sylvanian Series (Figure 1.2). 

Objectives of this investigation are: 

• to describe the lithofacies and paragenetic features observed in the producing interval 

• to develop geologic models of the reservoir that can be used to calibrate well logs and 

predict penneability 

• to construct a grid of reservoir engineering data that delineates reservoir continuity and 

heterogeneity. 

The data and conclusions from this study will begin a process where primary and 

secondary perfonnance can be assessed by the staff of the Tertiary Oil Recovery Project 

(TORP). Additionally, it is hoped that this study will provide a framework that will allow 

assessment of enhanced oil recovery potential. 

This investigation has been conducted under the auspices of the Tertiary Oil Recovery 

Project (TORP), Kansas Geological Survey (KGS) and the Department of Geology. TORP 

provided financial support and engineering expertise. The KGS provided geologic data, 

computer software and geologic expertise for this effort. The Department of Geology provided 

financial assistance, support facilities and direct oversight. 
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Stratigraphy of the Pennsylvanian Age Lithostratigraphic Units 
Comanche County, Kansas 

{/) (I) 0.. 
(I) ::::J 

·i:: 0 Well Name: BlJITS B-1 (Se 1/4, Se 1/4, Sec. 5, T. 34 S., R. 20 W.) 
(I) ...... 0 (/) (/) 

11000 DEPTH Co, ensaled Neutron Lo Gamma Ra 1 0 

AP!Units . FEET Neutron Porosity Units 
4200 • 
4250 

____,s 
;=: 

{/) 4300 ~-=~ ..... 
e.o eel -> on 

::::J 4350 
0 
Q 

4400 =~ 
.§ 
..2: 4450 

§ 
(I) 

4500 
t:l-.. 
I-< 
(I) 4550 
0.. 
0.. Q 

eel 4600 ·i:: 
::::J 
0 
{/) 4650 
{/) 

{/) 
eel 4700 
{/) 

4750 

Q 4800 0 
1:l • eel 4850 • {/) 
eel 
(I) -t:l-.. 4900 

4950 

g 5000 
(I) 

t:l-.. ·- 5050 {/) 
(I) (I) 

::a Q ·-'O 0 5100 s 
{/) 
(I) 

I Q 5150 I-< 
(I) 

0 5200 

Figure 1.2 Pennsylvanian series stratigraphy in the study area. Stratigraphy based 
on picks from type logs of western Kansas from the Kansas Geological Survey. 
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limestones respectively. 
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Field History (Collier Flats) 

The Nomenclature Committee of the Kansas Geological Society has designated the 

Lemon Ranch field as part of the Collier Flats field. In order to simplify oil field references 

and comply with the KGS, all further references to the Collier Flats field will include the 

Lemon Ranch field unless otherwise noted. The Collier Flats field was discovered in June of 

1970 by Halliburton Oil Production Company with the completion of the # I Schweitzer well, 

NE 1/4, NE 1/4, T20W, R33S. Field development occurred in three distinct stages: 

• 12 wells were drilled by five operators in 1970, sections 23, 24, 25, 26, T20W, R33S 

(Figure 1.3) 

• 14 wells were drilled by one operator in 1978-79, sections 13, 14, 23, 24, 33, T20W, 

R34S (Figure 1.3) 

• 72 wells were drilled by twelve operators in 1980-85 (Figure 1.3). 

Sixty-five of these wells were completed in the Bethany Falls limestone member including 15 

wells listed as dual producers (Figure 1 .4). As of December 1996, five operators were 

producing 16 oil and gas wells on nine leases (P .I., 1996). 

The main productive zone is the Bethany Falls limestone member, Swope Limestone 

Fonnation, Kansas City Group, Missourian Stage, Upper Pennsylvanian Series (Figure 1.5). 

Bethany Falls production occurs from discontinuous porosity along the one to one-and-a-half 

mile wide crest and southeastern flank of a southwest plunging anticline. The trapping 

mechanism is primarily stratigraphic with dry and non-productive wells reflecting a decrease in 

porosity and/or permeability. There are five additional pay zones in the Collier Flats field and 

in stratigraphic order they are: 

• Mississippian Limestone - The Mississippian Limestone produces primarily gas 

along the Collier Flats Anticline. 
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Figure 1.4    Collier Flats field, comingled oil production.
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Mississippian gas and condensate production is commingled with five Bethany Falls wells 

(Figures 1.2, 1.4). This productive zone is found approximately 350 feet below Bethany 

Falls production. 

• Missourian Dennis Limestone Formation - Only one scout card reported Dennis 

Limestone perforations (Figures 1.2, 1 .4). 

• Missourian Drum Limestone Formation - The Drum Limestone is productive in only 

three wells. Drum production commingles with one Bethany Falls well (Figures 1.2, 1 .4). 

This productive zone is found approximately 155 feet above the Stark Shale. 

• Missourian Iola Limestone Formation - Only one scout card reported Iola Limestone 

perforations (Figures 1.2, 1.4). 

• Virgilian Toronto Limestone Member- The Toronto limestone member produces from 

about a dozen wells in the study area with production from seven wells commingled with 

Bethany Falls production (Figures 1.2, 1 .4). Perforations are generally 25-30 feet below 

the Heebner Shale. 

Drilling and completion of the pay zone typically consisted of drilling through the 

Bethany Falls limestone pay-zone, running well logs, setting casing and perforating with acid 

stimulation. Acid treatments commonly consisted of 2000 to 3000 gallons of 15% to 28% 

HCL acid. Well logs were run on all wells with drill stem test data reported on scout tickets 

and 36 KRM well files. The most common log suites consist of: 

• Gamma-Ray/ Neutron/ Guard, 

• Gamma-Ray/ Compensated Neutron/Density/ Dual Induction Laterolog, 

• Gamma-Ray/ Compensated Neutron/Density/ Guard logs (see Appendix A, for a list of 

well-log suites for each well). 

Primary production occurred from liquid expans1011 and solution gas drive 

supplemented by reinjection of produced gas to maintain reservoir pressures (Henderson & 
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Co., 1981). KRM, the primary operator of the Lemon Ranch leases in 1979, began water-

flooding their leases in 1983 with good results (Anchor Bay, per. comm., 1990). At the time 

this investigation began, Anchor Bay Company of Denver Colorado purchased a majority of 

Petro leases with plans to implement a waterflood in the areas north of the Lemon Ranch 

leases. 

Geologic Setting and Previous Studies 

Heckel (1977, 1980, 1984), Merriam (1963), Moore (1979), Rascoe and Adler (1983) 

and Watney (1980, 1984, 1985) and many other authors have developed a widely accepted 

paleogeographic model for the Upper Pe1111sylvanian age strata in western Kansas. This model 

is used to place the Collier Flats field in a geologic and paleogeographic context for subsequent 

analysis. 

During Missourian and Virgilian time, the super-continent Pangea was in the final 

stages of development producing the Marathon-Ouachita mountains to the south, Appalachian 

mountains to the east and ancestral Rocky mountains to the west (Heckel, 1980; Watney, 

1980). Associated with the continental collisions are many uplifts and basins formed in the 

Mid-Continent including the Central Kansas Uplift and Anadarko Basin. 

The Hugoton embayment, during the Missourian, was a stable carbonate shelf 

extending into a subsiding Anadarko Basin. Subsidence on the western Kansas shelf appears 

to have been significant because Penno-Pe1111sylvanian strata represent nearly 45 - 75% of the 

Paleozoic sedimentary column, even though Permo-Pe1111sylvanian time only represents 23% of 

Paleozoic time (Watney, 1989). Sedimentation rates also appear to have been high. The 

cyclic strata of the western Kansas shelf thicken and merge southward to the northern edge of 

the Anadarko basin to form a constructive shelf margin (Watney, 1984). Farther south, 

western shelf carbonates merge into deep water basinal lithologies. Collier Flats reservoir 

facies developed on the western flank of the Pratt Anticline, Central Kansas Uplift, and the 



eastern edge of the Hugoton Embayment on what was a stable carbonate shelf during the 

Upper Pennsylvanian, Missourian (Figure 1.6). 

The Missourian age Lansing and Kansas City groups in the Mid-Continent have been 

described as a repetitive sequence of interbedded carbonates and elastics. These rocks were 

classified as cyclothems by the early works of Moore (1929, 1936, 1949) and Merriam, 

(1963). Cyclicity of these sediments is attributed to glacio-eustatic changes in sea-level based 

on the insightful work of Wanless and Shepard (1936), Heckel (1977) and Watney (1985). 

However, the effects of tectonism on paleogeography during the Pellllsylvanian must not be 

dismissed especially in areas near uplifts and buried structures. 

The ideal four component "Kansas Type" cyclothem as described by Heckel (1977; 

1980; 1983) consists of an outside shale, middle limestone, core shale and upper limestone 

sequence (Figure 1. 7). Each cyclothem is attributed to one rise and fall of sea-level depositing 

a transgressive middle limestone, core shale, regressive upper limestone and non-marine 

outside shale. Watney ( 1984) provided an excellent regional summary of cyclothem lithofacies 

in western Kansas (Table 1. 1). 

Lithofacies Northern Shelf Central Kansas West Central Southwest 
Uplift 

Regressive Red-brown ( oxidized) Unfossiliferous silty Reduced, occasionally Reduced, sparsely 
Shale siltstone with soil shale; gray, green oxidized on northern fossiliferous to unfoss-
(Outside Shale: characteristics: reduced on south end reaches; unfossil- iliferous, absent in many 
Heckel, 1977) greatest thickness ofuplift; oxidized to iferous to locally areas or extremely thin, 

northwestern shelf occasionally reduced on restricted shallow- i.e. difficult to map 
(Upper Shale north end water fauna to south using wireline logs; 
Watney, 1985) (Cambridge Arch); commonly very thin to most cycles contain 

thinner I ocall y, missing missing in southern sparse indications of soil 
over uplift north and reaches. formation. 
south. 

Table 1.1 General Lithofacies Components of Kansas City Group Cyclothems in Western 
Kansas. 
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Regressive 
Carbonate 

(Upper Limestone: 
Heckel, 1977) 

(Upper 
Limestone: 
Watney, 1985) 

Marine Shale 

(Core Shale: 
Heckel, 1977) 

(Lower Shale: 
Watney, 1985) 

Northern Shelf 

Regional thinning to 
north; lower interval 
commonly shalier and 
more silty to north; 
siltier in upper interval; 
top locally eroded and 
more heavily weathered 
northward, secondary 
porosity more 
important; limited 
coated grains and thin 
interval of grainstones; 
shaly intervals in lower 
portion are light color 
tones. 

Northern Shelf 

Silty, calcareous, gray 
and green shale 
commonly oxidized to 
maroon color; 
brachiopods and 
crinoids common; 
occasionally restricted 
facies, pelecypod~ and 
ostracods associated 
with limestone nodules 
including layers of silty 
grainstones; interval is 
thick and continues to 
thicken northward in 
excess of 20 feet. 

Central Kansas 
Uplift 

Thin over uplift, 
sometimes extreme 
thinning; evidence of 
weathering apparent 
across uplift; secondary 
porosity important 
reservoir parameter; 
cleaner carbonate 
overall in southern area; 
light-colored carbonates 
are the rule; locally very 
thin or missing subtital 
quiet water carbonate 
with diverse fossils. 

Central Kansas 
Uplift 

Gray-green to black 
color; black shale is 
hard with conchoidal 
and 
platy fractures; sparse 
fossils including 
conodonts, fish scales 
orbiculoid brachiopods; 
gray-green shale 
contains predominately 
brachiopods; thickness 
varies from zero to 
several feet. 

West Central 

Gradual thickening to 
south; local thickening 
dueto bioherm or 
grainstone accumul-
ation or combination; 
well-developed subtital, 
open marine with light 
colored micrite shalier 
to north; oolitic shoal-
water grainstones more 
significant to south; 
thicker and more 
extensive grain-
stones, but still isolated 
patches; east west trend 
of shoal carbonates, 
north-south trend w/ 
east-west secondary 
trend in oolite tract; 
more effects of 
weathering to south. 

West Central 

As in area of CKU 
except is thicker; 
consistent thickness of 
several feet. 

Southwest 

Relatively dark-
colored lower interval of 
open marine carbonates 
with more abundant 
organic matter macerals 
pre-
served in this relatively 
thick subtital portion; 
more chert replacement; 
extensive thick oolite 
developed as large 
sheet-like lobes that 
cover area; north-south 
lobes with east-west 
elongated fingers; major 
trends commonly run 
northwest to south-east. 

Southwest 

Dark gray to black 
shales are the rule 
outside the extreme 
southwestern area of 
study where unit 
becomes abruptly 
thicker, silty and 
contains more diverse 
fossils. 

Table 1.1 cont. General Lithofacies Components of Kansas City Group Cyclothems in 
Western Kansas. 

12 



Transgressive 
Limestone 

(Middle Limestone: 
Heckel, 1977) 

(Lower Limestone: 
Watney, 1985) 

Northern Shelf 

Thin, laterally extensive 
(good marker bed to 
denote lower boundary 
ofcycle ); coated 
( osagia) grainstone -
packstone with diverse 
fossil assemblage; 
locally carbonate 
buildup as mud mound 
(phylloid algae) or 
oolitic shoal; moderate 
to very silty at the base 
with occasionally local 
sandstone development 
and conglomerate 
(localized reservoir 
play); base is erosional. 

Central Kansas 
Uplift 
Thin, extensive silty to 
sandy grainstone to 
packstone commonly 
with Osagia at base; 
occasionally 
conglomeratic at base; 
persists even when 
marine shale is missing; 
base is erosional. 

West Central 

As in North. 

Southwest 

Generally thicker than 
to north; darker gray-
brown with diverse 
fossils in silty 
wackestone to 
occasionally packstone; 
preserved flecks of 
organic matter; clean 
intervals w/ phylloid 
algae; base less 
distinctly erosional 
although hiatus is noted. 

Table 1.1 cont. General Lithofacies Components of Kansas City Group Cyclothems in 
Western Kansas. Modified from Watney (1985). 

Watney's research clearly points out the relationship between location on the carbonate shelf 

and cyclothem lithofacies development. One of the more significant cyclothem features 

delineated by Watney's investigations is paleosol development on top of the regressive upper 

limestone members. Diagenetic processes associated with subaerial exposure typically alter 

primary porosity, impact reservoir porosity and permeability development and ultimately 

contribute to reservoir heterogeneity (Heckel 1983, Prather 1984, Watney 1983; 1985). 

The earliest reported Swope Limestone Formation investigations were performed by 

Payton (1966) and Mossler (1971; 1973) on outcrops in Missouri, Iowa and southeastern 

Kansas. In recent years, additional work on these outcrops have been performed by the 

Kansas University geology faculty, students and the staff of the Kansas Geological Survey 

(KGS) (Watney et al., 1983; 1985; 1989; 1991). Watney (1984; 1985 and 1989) has focused 

on regional studies of Missourian age cyclothems, including the Swope Formation, in western 

Kansas. 

13 



0 

Color~do --

Denver Basin 

Scale 

50 100 Miles 

Study Area 

Cambridge 
Arch 

Nebraska -- - -- Kansas- - --

Pratt 
Anticline 

Central 
Kansas 
Uplift 

Anadarko 
Basin 

Map Data: Maher (1953), Martin (1965) & Rasco (1962). 
(Modified from Watney, 1984) 

Figure 1.6 Late Pennsylvanian Mid-Continent Paleogeography (Missourian Stage) 
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Ideal Four Component "Kansas Type" Cyclothem with 
Collier Flats Lithostratigraphic Units 
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There are many lithologic similarities between the Swope Limestone Formation in eastern and 

western Kansas. However, there are differences in paleogeography between eastern and 

western Kansas during the Missourian which may impact many geologic aspects of Swope 

Formation deposition and diagenesis. 

Study Area and Reservoir Analysis Methodology 

This investigation is focused on identifying the geologic controls on porosity and 

permeability in the Bethany Falls limestone in the Collier Flats oil field. Geologic mapping 

and analysis is limited to this area and the Bethany Falls limestone member. Several rough 

regional maps were constructed to aid in establishing a paleogeographic model for the study 

area. 

Depositional environment is interpreted from analysis of 13 slabbed cores in the 

Lemon Ranch leases of the Collier Flats field and 15 3 well logs in the study area. Structure 

and isopach maps of relevant strata were generated using TerraSciences well log analysis 

software provided by the Kansas Geological Survey (KGS). 

Paragenesis and reservoir analysis is interpreted from thin-section petrography. 

Petrography was performed using plane-light microscopy, cathodoluminescence, ultra-violet 

epifluoresence and alizarin red-S and potassium ferricyanide stained thin-sections to identify 

mineralogy, pore-types and diagenetic features from over 100 blue-epoxy impregnated thin-

sections from core. 

Reservoir characterization is based on 10 whole-core analysis data sets, thin section 

petrography, computer analysis of 100 digitized well logs using TerraSciences well log 

analysis software, 18 detailed drill stem tests, production data and Collier Flats depositional 

and diagenctic models. All geologic and reservoir engineering data are tabulated and digitally 

stored in computer files. 
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Study Area Paleogeography 

Introduction 

Chapter 2 

As stated earlier, Heckel (1977, 1980, 1984), Merriam (1963), Moore (1979), Rascoe 

and Adler (1983) and Watney (1980, 1984, 1985) and many other authors have developed a 

widely accepted regional paleogeographic model for Upper Pennsylvanian age strata in western 

Kansas. In order to establish a geological model for Collier Flats production, a study area 

paleogeographic model must be established to frame depositional and diagenetic models. 

An additional twenty-five well-logs, outside the study area, were digitized into Terra-

sciences well log analysis software to create a series of computer generated regional maps and 

cross-sections (Figure 2 .1). Formation boundary picks are based on "type well-logs" from the 

Kansas Geological Survey (Figure 1.2). 

Mississippian Unconformity and Overlying Strata 

Tectonism associated with the Ouachita orogeny resulted in widespread uplift and 

erosion of Mississippian strata in the Midcontinent including much of the Hugoton embayment 

and the Central Kansas Uplift. Morrowan and Atokan age fluvial-deltaic siliciclastics were 

deposited in the deeper portions of the Hugoton embayment and Anadarko basin onlapping 

onto the Mississippian unconformity south and west of the study area (Brown et al., 1993). In 

the study area, thin Upper Morrowan estuarine and shallow marine sandstones are reported in 

the southwestern portion of Comanche county indicating thin Atokan age sediments may also 

be preserved (Mannhard and Busch, 197 4). 
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Falls cross section is shown in detail in Figure 2.12 with paleogeography and 
depositional environment interpretations. 
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Early Desmoinesian transgressive marine sandstones and scattered regressive fluvial-

deltaic strata of the Cherokee Group prograded to the south and southwest over the 

Mississippian unconformity and Morrowan and Atokan age sediments (Figure 2.2). Sediment 

source is interpreted primarily as the exposed strata on the Central Kansas Uplift. Figure 2.3 

is a structure contour map on top of the Mississippian unconformity that delineates pre-

Pennsylvanian topography. Figure 2.4 is a Cherokee Group isopach map that shows thinning 

over structurally high areas to the north and east and thickening into the Anadarko basin to the 

southwest. Collier Flats production overlies this structural high on the Mississippian 

unconformity. 

Up on the shelf of the Anadarko basin, Upper Desmoinesian Marmaton Group strata 

conformably overlie Cherokee Group strata and consist almost entirely of cyclic carbonates. 

The Anadarko basin to the south continued to receive elastic sediments from the Amarillo-

Wichita and Ouachita fold belts (Moore, 1979; Rascoe and Adler, 1983; Houseknecht, 1986). 

In the study area, Mannaton Group strata are relatively uniform in thickness over the Collier 

Flats productive area, thicken to the south and southwest, and thin to the north and to the 

south-east (Figure 2.4). 

Lower to Middle Pennsylvanian strata, (Morrowan, Atokan and Desmoinesian), record 

a gradual transition from marine elastic sedimentation to cyclic marine carbonate 

sedimentation in the study area, as the early Pennsylvanian seas transgressed onto the 

Anadarko shelf. 
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Differential subsidence between the Anadarko basin and Anadarko shelf is recorded by 

thickening Lower Pennsylvanian strata toward the Anadarko basin and thinning over paleo-

topographical high areas in the study area and to the northeast on the Central Kansas uplift. 

Upper Pennsylvanian, Missourian Age Strata 

The KGS has developed shelf to slope sequence stratigraphic correlations of 

Missourian age strata including the Pleasanton, Hertha and Swope sequences in eastern 

Kansas (Watney et al., 1989). In order to facilitate isopach mapping and geologic 

interpretations, Missourian age strata in the thesis area are subdivided using sequence 

stratigraphic boundaries identified by subaerial exposure surfaces mapped in eastern Kansas 

by the KGS (Figure 2.5). Missourian-age strata began with deposition of the Pleasanton 

Sequence. In eastern Kansas, the upper portion of the Pleasanton Group deltaic strata 

conforn1ably merges into the Critzer limestone member of the Hertha Formation and is 

included in the Pleasanton sequence (Watney et al 1989), (Figure 2.5). In the study area, black 

fissile shales are easily identified in well-logs and generally identified as the core shale of 

Heckel's (1977) cyclothem model (Figure 1.7). These relationships allowed isopach mapping 

of the Pleasanton sequence between the Nuyaka Creek Shale and Mound City Shale in the 

study area (Figure 2.5). Analysis of well log signatures ofregional cross sections (Figure 2.6) 

indicate the Pleasanton sequence is prima1ily a shaly carbonate unit in the study area. Farther 

northeast toward the Central Kansas Uplift, the Pleasanton sequence grades into clean 

carbonate units reflecting shallow water shoaling conditions. In the study area, thickening of 

the Pleasanton sequence carbonates trends approximately north to south underlying Collier 

Flats production (Figure 2.7). Pleasanton thickening underlying Collier flats production 

indicates that carbonates fill in paleotopographic lows or may have accumulated at a higher 

rate to create a carbonate build-up. 
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Analysis of regional well-log cross-sections reveal lower gamma ray and neutron well-log 

responses indicating Pleasanton sequence thickening correlates with a decrease in shale 

content, suggesting higher carbonate sedimentation rates and possibly a carbonate buildup 

(Figure 2.6). 

The Hertha sequence consists of the Mound City shale, Sniabar limestone and Elm 

Creek shale members (Figure 2.5). Under Collier flats production, isopach maps of the 

Sniabar and Elm Creek members indicate thinning over a thick area of the Pleasanton sequence 

arguing for Hertha sequence thinning over a paleo-topographic high (Figure 2.7 and 2.8). 

Additionally, Mound City shale's characteristic high gamma ray well-log response does not 

develop in this area possibly due to localized diminished water-column stratification causing an 

increase in oxygen and reduction of organics in the shale over this paleotopographic high area 

(Figure 2. 9). 

The Swope sequence in eastern Kansas consists of the Middle Creek limestone, 

Hushpuckney shale, Bethany Falls limestone and Galesburg shale members (Figure 2.5). 

Bethany Falls limestone isopach mapping displays a north-south area of uniform thickness, 

between 32 to 38 feet, that correlates with petroleum production. This unit thickens to the 

northeast and eastern portions of the study area (Figure 2.10). Also, Bethany Falls limestone 

thins toward the west and southwest. Isopach mapping of low gamma ray response in the 

Bethany Falls correlates with porosity development and may delineate a north-south oriented 

marine sand belt morphology (Ball, 1967) (Figure 2.10). The Galesburg shale and Canville 

limestone display a unique isopach pattern in the study area. Both members pinch-out 

northeast and east of Collier Flats production (Figures 2 .10 and 2 .11). 

Thinning of the Bethany Falls limestone to the southwest and west and high gamma-

ray well-log signatures indicate thinning is due to reduced carbonate sedimentation in deeper 

water farther down the Swope sequence shelf (Figure 2.6). 
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Regional cross-section analysis indicates development of a third limestone member of the 

Swope sequence (Mound Valley limestone) to the southwest farther down the paleoshelf 

(Figure 2.12). The Mound City limestone in eastern Kansas is interpreted as a parasequence 

within the Swope sequence that developed in a more basinal setting overlying the Bethany Falls 

limestone (Figure 2.13). 

Thickening of the Bethany Falls limestone occurs to the northeast and east of Collier 

Flats petroleum production(Figure 2.10). Well log signatures and thickening to the northeast 

and east indicate this area was in a deeper water setting possibly an embayment on the Swope 

shelf (Figure 2.12). Carbonate sedimentation rates remained high suggested by a progressive 

decrease in gamma-ray and neutron porosity well log response culminating in shoal water 

Bethany Falls limestone deposition (Figure 2.12). 

Paleogeography Conclusions 

Swope Sequence isopach maps along with observations from core and well-log 

signature analysis indicate Collier Flats reservoir facies developed in the regressive Bethany 

Falls upper limestone which localized on a paleo-topographic high area on the Swope sequence 

shelf (Figure 2.12). The location of this paleotopographic high area may be related to Pre-

Pennsylvanian age structures. Both the Cherokee and Marmaton Groups thicken to the west 

and southwest along a hinge-line or flexure zone that trends northwest to southeast one section 

southwest of Collier Flats production. Isopach patterns indicate elastic sedimentation rates of 

these groups and subsidence in the Anadarko basin to the south and to the west outpaced 

sedimentation and subsidence along this hinge-line underlying Collier Flats field production. 

Well log signatures of the Pleasanton, Hertha and Swope carbonate sequences indicate a 

lithologic transition from shoal water carbonates to shaly carbonates to the west and southwest 

of this hinge line. Additionally, the study area was subaerially exposed with significant 

erosion and/or non-deposition of regressive nonmarine shale and the subsequent transgressive 

Canville limestone member of the Dennis sequence just a few miles to the northeast. 
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with the Bethany Falls limestone higher up on the shelf to the west. 
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Chapter 3 
Bethany Falls Depositional Environments 

Introduction 

Interpretations of Bethany Falls limestone depositional environments are based on 13 

slabbed cores in the Lemon Ranch leases and 153 wire-line well logs in the study area. 

Additionally, approximately 110 thin-sections were prepared from the cores which aided in 

identifying lithologies and biotic constituents. Stratigraphic picks are based on KGS type-logs 

and verified by comparing cores with well log signatures. Isopach maps were computer 

generated using TerraSciences well log analysis software and imported into Micrografx 

Designer software for presentation. 

Lithologic descriptions of cores are based on Dunham's (1962) textural classification. 

Cored Intervals 

Collier Flats field cores are only present in the Lemon Ranch and Rhoades leases. 

Core data consist of the upper intervals of the Bethany Falls limestone reservoir zone, the 

Galesburg shale, and the lower Canville limestone intervals. Detailed core descriptions are 

presented in Appendix B. 

Bethany Falls Lithofacies 

The Bethany Falls limestone is interpreted as the shoaling upward, regressive member 

of the Swope sequence and consists of the following lithofacies: 

• interbedded fossiliferous wackestone and black fissile shale 

• fossiliferous wackestone 

• peloidal and fossiliferous packstone 

• mixed oolitic and bioclastic grainstone 

• and oolitic grainstone altered by paleosol formation (Figure 3.2). 
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Figure 3.3 is a core location map that identifies the cored intervals and core analysis database. 

The following descriptions of the Bethany Falls limestone are based on this database. Thin-

sections and well log data also provide data for depositional environment interpretations. 

Figures 3 .4 and 3 .5 present macroscopic observations and significant features observed in the 

Bethany Falls limestone. The lithologies are described from the base to the top of the unit. 

Fossiliferous wackestone interbedded with calcareous fissile black shale is present in 

most cores approximately 3 to 6 feet below grainstone intervals (Figures 3.2 & 3.6). These 

wackestones are generally dark gray to brown, mottled, burrowed, crinoidal and brachiopod 

wackestones. Minor biota observed include mollusks, bryozoans, fusulinids and other 

foraminifera that decreases in abundance down section. Mottling is generally centimeter to 

decimeter scale, dark gray to gray, and decrease in abundance upward in the wackestones 

(Figure 3.7). Contacts between mottled and non-mottled areas are gradational. Mottling is 

caused by micrite (dark gray) versus microspar (gray) textures. Interbedded brachiopod and 

crinoidal fissile calcareous shales are generally 1 to 3 centimeters thick and uncommonly grade 

into stylolites. Spacing between interbedded black shales decreases down section. 

There is considerable variability in the fossiliferous wackestone that immediately 

overlying the interbedded black shale and fossiliferous wackestone. In most cores above the 

black shale and wackestone interval, the fossiliferous wackestone interval is I to 4 feet thick 

and consists of dark gray to brown, mottled and bioturbated fossiliferous wackestone (Figure 

3.8). Mottling is generally centimeter to decimeter scale, dark gray to tan, and decreases in 

abundance upward in the wackestones. Contacts between mottled and non-mottled areas are 

gradational. 
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Core Description Symbol Legend 

Lithologies 
Subaerial Crust 1 w 0 • 1 Grainstone 

Conglomerate 

Caliche Nodules 

CJ - Shale } 

Siltstone 

Clastics 

Fossils, Particles and Other Features 
I cS e. I Gastropod 

I -E3 e- I Mollusk 

Bryozoan 

1 I Brachiopod 

I $ • I Crinoid 

Abbreviations 
MD - Mudstone 
WS - Wackestone 
PS - Packstone 
GS - Grainstone 
BS - Boundstone 
Sh - Shale 
Slt. St. - Siltstone 
Cg - Conglomerate 

I¾ d"' I Tubular Foram. 

General Foram. 

I = = I Fusulinid 

Phylloid Algae 

0 

EJ 
Oo - Ooid 
Pel - Peloid 

Ooid 

Intraclasts 

Intr. Cla. - Intraclast 
Tub - Tubular Foraminifera 
Gen - General Foraminifera 
Encr - Encrusting Foraminifera 
Moll - Mollusk 
Bry - Bryozoans 

Packstone 

Mudstone / 
Wackestone 

Carbonates 

Ll Coated Grain 

Peloid 

I 83 w I Bioclast 

1~1 Stylolite 

a Shale Seam 

lvul Spar Filled Vugs 

Brae - Brachiopod 
Crin - Crinoids 
Fusi - Fusulinids 
Phyl Alg - Phylloid Algae 
¢ - Porosity 
Hk - Horizontal Permeability 
Vk - Vertical Permeability 

Figure 3 .1 Core description symbol and abbreviations legend. 
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Net Thickness of Low 
Gamma-Ra Facies 

Scal•(nulH) 
1/4 1/2 

Low gamma-ray isopach data obtained 
from net thickness of the lowest 12 API 
gamma-ray values indicating shoal water 
lithofacies in the Bethany Falls limestone. 

Mottling Observed in Cores 
C SEC. 14 SEC. 13 D 

-¢-
Cores with minor to no mottling 
Cores that are mottled 

R20W 

ell 
'<t 
M 
f--< 

Observed mottling in the Bethany Falls limestone is 
related to color variations between micrite and microspar 
possibly indicating freshwater diagenesis. 

Net Thickness of Well-Log Porosity 
Greater Than 10% 

Porosity data are uncorrected raw porosity 
data from well log density porosity curves 
in the Bethany Falls limestone. 

Core Porosity & Permeability That 
Cross Between Lithofacies 

SEC. 14 SEC. 13 

Sclle(miles) 

-{?- e ··• B' -{?-

A -<;)····00 ... A' 

1"1 1'2 -¢-

R20W 

(/J 

'<t 
M 
f--< 

Porosity and permeability in these cores cross 
from grainstones down into the packstone and 
wackestone lithologies. 

Porosity and permeability that cross 
t:ill lithofacies boundaries. 

Cross sections 
(Figures 3.26-3.28) 

Figure 3 .4 Core and wireline well log observations, Bethany Falls limestone 
A) Net thickness of Low Gamma Ray facies (thickness of the lowest 12 API units) which 
indicate grainstone lithofacies. B) Net thickness of well log porosity greater than 10%. 
C) Cores that are mottled. D) Location of cores with porosity and permeability that cross 
from the grainstones down into the mud supported lithologies. 
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The following cores in the Bethany Falls 
limestone are incomplete as follows: 

Core without the Bethany Falls 
limestone Galesburg Shale contact 

Core with missing intervals in the 
Bethany Falls limestone 

Cross sections 
(Figures 3.26-3.28) 
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Figure 3 .5 Core and wireline well log observations, Bethany Falls limestone. 
A) Core with well developed porosity and permeability. B) Incomplete core data. 
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Color mottling is caused by micrite (dark gray) versus microspar (gray) textures. In 

the Lemon 2X, Lemon 4, Lemon 7 and Rhoades 1 cores, this interval is 3 to 4 feet thick, 

brown to tan, bioturbated, non-mottled fossiliferous wackestone (Figures 3.6 & 3.9). Biota in 

this interval include brachiopods, crinoids, mollusks, bryozoa, ostracods and foraminifera. 

Wispy millimeter-thick clay seams are present and grade into stylolites in places. Porosity if 

present is vuggy, moldic and microvugular and correlates with light brown to tan mottling. 

Wackestone lithologies grade up into packstones in most cores. This interval is 1 to 3 

feet thick, gray to brown, mottled, peloidal and fossiliferous packstone and forms the lowest 

portion of the Bethany Falls reservoir zone. Mottling is generally more intense and smaller in 

scale than in the lower fossiliferous wackestone interval. Mottling is not well developed in the 

Lemon 2X and Lemon 4 cores but is very intense in the cores located in the center of the field 

(Figures 3.4, 3.10 & 3.11). Biota in this lithology include foraminifera, ostracods, bryozoans 

and mollusks. Porosity, if present, is vuggy, moldic and microvugular and correlates with light 

brown to tan mottling. Porosity and permeability is enhanced by vertical fractures. 

Mixed oolitic and bioclastic grainstone lithologies are I to 6 feet thick and form the 

lower portion of the reservoir zone. Biota include crinoids, mollusks, brachiopods, brachiopod 

spines, encrusting bryozoans and foraminifera. Bioclasts become smaller and ooid percentages 

increase toward the top of this interval. Other features include oolite lithoclasts, extensive 

micritization of allochems and lithoclasts, cross stratification and extensive mottling. Mottling 

is dark gray to brown and merges with mottling in the packstone and wackestone lithologies 

(Figures 3.4, 3.12 and 3.13). Porosity if present is vuggy, moldic and microvugular. Highly 

porous and permeable cores are fractured. 
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Mixed oolitic and bioclastic grainstone grades up into well cemented mottled to non-mottled 

oolitic grainstone that are l to 3 feet thick (Figures 3 .14, 3 .15). Biota include crinoids, 

mollusks, foraminifera and brachiopods. 111e upper few inches to one foot of this interval 

typically contains rhizoliths and an over-compacted fabric possibly related to soil formation 

processes. Ooids and bioclasts generally are smaller in diameter than in the underlying 

grainstone lithologies. Porosity is predominantly oomoldic and moldic. Permeability generally 

is poorly developed due to calcite cementation, oomoldic porosity, lack of vuggy porosity and 

only minor fracturing. 

The upper interval of the Bethany Falls limestone is a 1 to 3 cm thick paleosol. 

Several paleosol features are observed in thin section and include rhizoliths, circumgranular 

cracking and a caliche crust. These features are observed in the Lemon 6 and Lemon 7 cores 

(Figures 3.14, 3.16). 
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Galesburg Shale Interval Lithofacies 

The Galesburg shale is interpreted as a lithologic component of the regressive Swope 

sequence and consists of the following lithofacies from the base to the top: 

• fissile, green/gray mottled, calcareous shale w/ evidence of paleosol development 

• gray blocky shale 

• fissile gray shale w/ carbonized plant material. 

The Galesburg shale is generally I to 2 feet thick in most cores except for the Lemon 4 core 

where it is 5 .5 feet thick and displays all the lithofacies described above. In all other cores, the 

Galesburg shale consists of only fissile green/gray calcareous shale and gray blocky shale 

(Appendix B). 

The lower green/gray calcareous shale is present in all the cores that recovered the 

Galesburg shale (Figure 3.3) and is I to 2 feet thick. This interval contains no fossils except 

for those in the reworked oolite lithoclasts from the Bethany Falls limestone. The most 

significant feature of this interval is evidence of paleosol development. Gray rnicritic 

lithoclasts are observed 3 feet above the Bethany Falls limestone / Galesburg shale contact. 

These lithoclasts appear to be the result of autobrecciation in a green laminated shale. 

Rhizoliths are also observed in the lithoclasts (Figures 3.18, 3.19, 3.20 and 3 .21). 

Overlying the calcareous shale is a nondescript gray blocky shale 1 to 2 feet thick. 

This lithofacies is present in all cores that recovered the complete Galesburg shale interval. 

The uppermost Galesburg shale lithofacies observed in core is a one foot thick fissile 

gray shale with plant debris. This unit is only observed in the Lemon 4 core and grades up 

section into black calcareous brachiopod shale of the Canville limestone (Figure 3.20). 
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Canville Limestone 

The Canville limestone is interpreted as a transgressive component of the Dennis 

Sequence and consists of interbedded calcareous black fissile shale and dark gray phylloid 

algal wackestone. Unfortunately, none of the cores recovered the entire Canville limestone 

because the operators only cored the productive interval. 

The wackestone facies of the Canville limestone can be characterized as a dark gray, 

argillaceous, dense, phylloid algal, brachiopod wackestone. Minor biota include bryozoans, 

mollusks, crinoids, ostracods and foraminifera. Porosity is generally absent except for minor 

open fractures. 

Black calcareous fissile shale occurs in one foot intervals and increases in frequency 

up-section. This lithology contains only brachiopods and crinoids oriented parallel to 

laminations. 
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Bethany Falls Depositional Environment Interpretation 

"Kansas Type" Cyclothem Member 

It has been demonstrated that the Bethany Falls limestone member of the Swope 

sequence was deposited on a topographic high area on a broad carbonate shelf (Figure 2.12). 

Further, regional mapping demonstrates that the underlying Mound City core shale's high 

gamma ray response did not develop under the Collier Flats field (Figure 2.9). This suggests 

that this area of the Swope sequence shelf may have been topographically higher than the 

adjacent areas to the west and east. Additionally, the Collier Flats field may have developed on 

a :flexure zone between the Anadarko Basin and the Swope sequence shelf causing differential 

subsidence. 

To classify the Bethany Falls limestone as a regressive upper limestone member of a 

cyclothem, one would expect to see: 

• lithofacies that indicate a general marine shallowing-upward succession, 

• evidence of subaerial exposure at the top of the unit, 

• and an underlying shale possibly of deep marine origin and an overlying non-marine shale. 

As the Swope sequence sea started to regress, open marine interbedded wackestone 

and black shale was deposited on the shelf. Interbedded wackestone and fossiliferous black 

shale indicate open marine deposition in which carbonate mud and organic rich shale 

accumulated below storm wave-base. This environment also allowed typical Pennsylvanian 

deep-water marine invertebrates to survive (crinoids, bryozoans, brachiopods and mollusks). 

Interbedded black shales are organic, calcareous, and contain brachiopods and crinoids that 

were deposited during periods when the carbonate mud production was likely constrained by 

variations in water depth, increases in detrital sedimentation rates and/or decreases in oxygen 

content due to different water circulation patterns on the shelf. 
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Carbonate sedimentation rates were likely low because carbonate mud and fossiliferous black 

shale assemblage indicate carbonate sedimentation conditions were intermittent. 

As sea-level continued to fall, carbonate sedimentation conditions prevailed and 4 to 6 

feet of fossiliferous wackestone and packstone were deposited. These lithologies indicate 

open marine carbonate sedimentation continued uninterrupted at/or below storm wave-base. 

Fossil abundance and burrowing increased, suggesting relative sea-level fall created the 

conditions where marine invertebrates could thrive. 

Sea-level continued to fall and mixed bioclastic-oolite grainstone lithologies were 

deposited, overlain by shoal-water oolitic grainstones. Ooid lithoclasts in the lower portions of 

the grainstone intervals indicate early marine cementation may have stabilized the grainstone 

shoals. Bioclast size decreases up-section with a gradual increase in ooid abundance 

culminating in oolite deposition. Bethany Falls limestone deposition ended with a subaerial 

exposure event that created a paleosol on top of the Bethany Falls limestone. 

Overall the Bethany Falls lithofacies assemblage is characteristic of a shallowing-

upward marine carbonate succession. Additionally, core data clearly show a non-marine 

shale lithology overlying it and well logs indicate a core shale underlies the Bethany Falls 

strata. 
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Reservoir Lithofacies 

Identification of Bethany Falls limestone productive reservoir lithofacies is based on 

core descriptions and core analysis performed by Core Laboratories, 1981. Nonporous and 

nonpermeable wells, Lemon 2x and 4, have cores that lack Bethany Falls grainstone 

lithofacies. High porosity and permeability (> 15% porosity and > 20 md) is generally 

restricted to grainstone lithologies of the Bethany Falls limestone on the eastern and western 

margins of the Collier Flats field, (Lemon 5, 7, 11, and 10 cores) (Figure 3.4d). High porosity 

and permeability zones in the center and thickest intervals of the grainstone lithofacies of the 

Lemon Ranch and Rhoades leases can pass down into the underlying packstone/wackestone 

lithofacies (Lemon 6, Rhoades 2 and Rhoades 3 cores) (Figure 3.4d). Based on these 

observations, Bethany Falls limestone highly porous and permeable lithofacies consist of: (1) 

grainstone lithofacies along the margins of the field, and (2) grainstone, packstone and 

wackestone lithofacies in the center portion of the field where the grainstone lithofacies are the 

thickest. Non-permeable Bethany Falls limestone lithofacies are packstone and wackestone 

lithologies along the western and eastern margins of the Collier Flats field. 

Delineation of Bethany Falls reservoir geometry is based on several lines of evidence: 

Bethany Falls limestone isopach maps, core data, net thickness of low gamma ray isopach 

map, net porosity greater than 10% isopach map, paleogeographic and depositional 

environment interpretations. The foundation for these maps is the correlation of core 

lithofacies with well-log responses (Figure 3.23). These correlations show two characteristics 

used to delineate reservoir geometry: ( 1) low gamma ray values correlate with Bethany Falls 

"clean carbonates" which are grainstone and packstone lithologies; and (2) interbedded 

fossiliferous wackestone and black fissile shale correlate with higher gamma ray responses 

(Figure 3.23). These two correlations are consistent for all cores. 
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Well Name: LEMON 6 
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Lemon 6: Initial Production 264 BOPD, 132 MCFGPD (5/17 /79) from Perfs: 4778-4788' 

Figure 3 .23 Core lithologies and well log response correlation. The most significant 
feature that is revealed in these correlations is the low gamma ray values correlating 
with Bethany Falls "clean carbonates". The lowest gamma ray response is in the 
grainstone lithologies. The fossiliferous wackestones correlate with higher 
gamma ray well log responses. The Galesburg shale has a yet higher gamma ray 
well log response. 
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Bethany Falls limestone isopach map data are based on well log signatures presented in Figure 

1.5. The Bethany Falls limestone isopach map shows the north-south thickness trend, 

(between 32 and 38 feet), which coincides with Collier Flats field production (Figure 3.24). 

The elongate nature of Bethany Falls production is further expressed by the net feet of well log 

low gamma ray responses and density porosity isopach maps (Figure 3.25). These 

observations suggest reservoir lithofacies developed as a marine sand body parallel to 

depositional slope much like the ooid shoals of the western Bahama platform (Ball, 1967). 

Other lines of evidence for this interpretation are as follows: 

• Reservoir lithofacies are absent in Lemon 2x and 4 cores as a result of non-deposition. 

Additionally, there are non-productive wells to the west of the Collier Flats field where 

well log signatures, based on core correlations, indicate reservoir lithofacies did not 

develop. These observations indicate a change in depositional environment possibly due 

to a change in paleotopography and deposition of lower energy carbonate lithofacies. 

• The low gamma ray well log response isopach map indicates a north-south localized 

carbonate grainstone build up in the center of the Collier Flats field and thinning to the east 

and west. Lobate features are present in sections 1,3,12,13 and 14, T20W, R34S, which 

may be spillover lobes that formed as a result of tidal or storm currents flowing across the 

sand body. 

• A band of oolite shoals, running northwest to southeast, extends from west-central to 

south-central Kansas (Watney, 1984). These oolite shoals lie parallel and immediately 

west of what was a positive shelf area, the Pratt Anticline (W atney, 19 84). 
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Bethany Falls Limestone Isopach Map 
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Figure 3.24 Isopach map of the Bethany Falls limestone. 
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Wells with high porosity and permeability, intense mottling, and porosity/permeability 

that cross from the grainstone lithofacies down into the underlying packstone/wackestone 

lithofacies mirror the thickest portion of the low gamma ray response isopach map (Figures 3.4 

and 3.5). 

Vertical distribution of reservoir lithofacies and engineering data trends presented in 

Figures 3 .4 ands 3 .5 are summarized in a series of lithostratigraphic cross sections (Figures 

3 .26, 3 .27 and 3 .28). These figures clearly illustrate the heterogeneous distribution of 

porosity and permeability in the Bethany Falls limestone reservoir. 

The complex nature of porosity and permeability development cannot be attributed 

solely to primary depositional features and geologic processes such as fom1ation of primary 

porosity in the grainstones (Figures 3 .26 to 3 .28). Preliminary correlations between core 

porosity and well log porosity data do not show a 1 to 1 correlation. Additionally, core 

porosity and permeability relationships do not display any obvious correlation. Thus, 

depositional processes are only part of the answer to porosity and permeability development in 

the Collier Flats field. 
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Galesburg Shale Depositional Environment Interpretations 

The Galesburg shale overlies the Bethany Falls limestone and is easily identified in 

well logs. Galesburg shale lithofacies consists of: 1) fissile, green/gray mottled, calcareous 

shale w/ evidence of paleosol development; 2) gray blocky shale and 3) fissile gray shale w/ 

carbonized plant material that grade up into marine black shale with crinoids and brachiopods. 

This lithofacies assemblage indicates a transition from non-marine to marine sedimentation. A 

paleosol in the Galesburg shale is observed 3 feet above the Bethany Falls limestone in the 

Lemon 4 core (Figures 3.18 and 3.19). 

The paleosol in the Galesburg shale cannot be differentiated from the paleosol on top 

of the Bethany Falls limestone. This indicates that the two paleosols likely formed during the 

same subaerial exposure event at the end of Bethany Falls limestone deposition. 

Canville Limestone Depositional Environment Interpretations 

The Canville limestone has been identified as a transgressive member of the Dennis 

sequence by stratigraphic position and well log correlations. Unfortunately, the Canville 

limestone was not completely cored since it is not the main reservoir zone. However, the cored 

zones clearly show the transition from Galesburg shale non-marine deposition to Canville 

limestone marine carbonate deposition. The Canville limestone consists of interbedded black 

fissile shale and dark gray phylloid algal wackestone. The black fissile shales contain 

brachiopods and crinoids whereas the wackestones contain an open marine biotic assemblage 

including: phylloid algae, brachiopods, crinoids, mollusks, foraminifera, ostracods and 

bryozoans. This type of lithology is characteristic of quiet subtidal carbonate deposition below 

effective wave base. Fossil abundance is high in the lowest portion of the Canville limestone 

and decreases up-section (Lemon 12 core). 
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The Canville limestone cements and pore types are very useful in the process of 

determining Bethany Falls limestone paragenesis. These features provide a reference to 

compare Bethany Falls limestone cementation events and porosity formation events in the 

underlying units. 
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CHAPTER 4 
Collier Flats Field Diagenetic History 

Introduction 

It has been established that Collier Flats field porosity and pem1eability development 

and distribution cannot be attributed totally to depositional environment. Effective porosity is 

secondary indicating diagenetic processes are a significant component to porosity and 

permeability development. In order to characterize the Collier Flats field reservoir, a 

diagenetic model must be constructed to help establish porosity and permeability relationships. 

This model can then be used to predict porosity and pem1eability throughout the entire field 

without core. 

Paragenesis and diagenetic history are interpreted from thin-section petrography. 

Petrography was performed using plane-light microscopy, cathodoluminescence, ultra-violet 

epifluoresence and stained thin-section (alizarin red-S and potassium ferricyanide staining) 

techniques to identify mineralogy, pore-types and diagenetic features from over I 00 blue-epoxy 

impregnated thin-sections from core. 

Paragenesis Interpretation Methodology 

Several geological events and features have already been identified which may 

constrain cementation and porosity formation events and assist with interpreting Bethany Falls 

limestone reservoir paragenesis. Deposition of the Bethany Falls limestone, subaerial 

exposure after deposition of the Bethany Falls limestone, Galesburg shale deposition and 

Canville limestone deposition can be used to constrain diagenetic features and infer timing. 

Cathodoluminescence proved to be a significant tool for distinguishing between 

individual calcite and dolomite cements. Stained thin-sections were useful in identifying 
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ferroan calcite and dolomite cements whereas blue-epoxy impregnated thin-sections identify 

effective porosity. 

The following cement and spar descriptions are presented in interpreted paragenetic 

order. Cement descriptions generally include: 

• fabric criteria for cement identification (Bathurst, 1975), 

• mineralogy, 

• cement type and character (Folk nomenclature, 1965), 

11 cathodoluminescent signature, 

• stratigraphic location, 

11 what type of pore the cement fills or reduces, 

• and cross-cutting relationships. 

Folk's (1965) classification of authigenic calcite is used to describe cements observed in thin-

section. It should be recognized that a fundamental interpretation on mode of formation of 

authigenic calcite spar has been made to construct a list of cements used to interpret diagenetic 

history. The remaining components of this classification are purely descriptive (Table 4.1). 

Mode of 
Formation 
Code 

p 
Ps 
D 
N 
Ni 
Nr 
Nd 
Ns 
Ne 
R 

Description Other Features 

Normal Pore Fillin 
Solution Fill 

Unknown Processes 
Ori inal Ara onite 

Strained 
Coalescive 
Re lacement 

Table 4.1 Folk's Classification of Authigenic Calcite (Folk, 1965). 
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Shape 
Code Description Other Features 

E EQuant Axial Ratio <1.5:1 
B Bladed Axial Ratio 1.5:1 to 6:1 
F Fibrous Axial Ratio >6:1 

Crystal Size 
Code Description Size, mm 

1 Aphanoc1ystalline 0.001 
2 Very Finely Crystalline 0.004 
3 Finely Ciystalline 0.016 
4 Medium Crystalline 0.062 
5 Coarsely Crystalline 0.25 
6 Very Coarsely Crystalline 1.0 
7 Extremely Coarsely Crystalline 4.0 

Foundation 
Code Description Other Features 

0 Overgrowth In Optical Continuity 
Om Overgrowth Monocrystal 
Ow Overgrowth Widens Outward From Nucleus 
C Crust Oriented By a Nucleant Surface 

Cw Crust Widens Outward From Nucleus 
s Spherulitic No Obvious Orientation 

Table 4.1 Folk Classification of Authigenic Calcite (Folk, 1965) continued. 

Dolomite descriptions are based on Sibley and Gregg's (1987) classification of 

dolomite textures (Figure 4.1). This classification is largely descriptive in nature. Other 

features such as cathodoluminescent signature, staining characteristics and distribution are 

noted. 
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Unimodal Polymodal I 
Planar I Non Planar j 

Allochems Matrix Void 

unreplaced 
I 

molds 

partial 
I 

replaced 
_j_ 

mrm1c nonm1m1c 

unreplaced 
I 

partial 
I 

replaced 

Fillin 

unreplaced 
I 

partial 
I 

replaced 
_L 

. . 
m1m1c nonm1m1c 

figure 4.1 Classification of dolomite textures (Sibley and Gregg, 1977). 

Porosity descriptions used in this study are based on Choquette and Pray, 1970, 

oomenclature and classification of porosity in sedimentary carbonates (Figure 4.2). This 

d1.assification is generally descriptive except when time of secondary porosity formation is 

implied ( eogenetic, mesogenetic and telegenetic). 

Bethany Falls Paragenesis 

Cementation Event A - Nonferroan calcite cementation in Bethany 
Falls limestone primary porosity. 

Nonferroan, calcite cements #Cl, #C2 and #C3 fill or reduce primary interparticle 

porosity in the Bethany Falls limestone grainstone lithofacies. These cements (1) pre-date 

compactional features, (2) are truncated by a later dissolution event, (3) are not found in 

m-erlying strata of the Galesburg shale and Canville limestone and (4) are not found in the 

paleosol zone on top of the Bethany Falls limestone and the paleosol in the Galesburg shale. 

These observations suggest that these three cements precipitated prior to any dissolution events 

that created secondary porosity in the Bethany Falls limestone. 
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Basic Porosity Types 

I Fabric Selective J I Not Fabric Selective I 

Interparticle BP Fracture FR 
Intraparticle WP 
Inter crystal BC Channel CH 
Moldic MO 
Fenestral FE Vug VUG 
Shelter SH 
Growth- GF Cavern CV 

Framework 

I Fabric Selective Or Not I 
Breccia Boring Burrow Shrinkage 

BR BO BU SK 

Modifying Terms 
Genetic Modifiers Size Modifiers 

I Process I I Direction or Stage I Classes mm 
large 1mg 256 

32 
Solution Enlarged Megapore mg small smg s X large !ms 4 
Cementation C Reduced r Mesopore small 1/2 
Internal Sediment i Filled f ms sms 1/16 

I Time of Formation I 
Microoore me 

Primary p 
pre-depositional Pp 
depositional Pd 

Secondary s 
eogenetic Se 
mesogenetic Sm 
telegenetic Sf 

Genetic modifiers are combined as follows: Abundance Modifiers 

I Process ~>!Direction H Time I percent porosity (15%) 
or 

ratio of porosity types (1 :2) 
or 

ratio and percent (1:2) (15%) 

Figure 4.2 Geologic classification of pores and pore systems in carbonate 
rocks (Choquette and Pray, 1970). 
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Later cements are observed in Bethany Falls limestone primary interparticle porosity indicating 

that this pore type remained open at the end of this cementation event. 

Cement #Cl: PB2C, Nonferroan, zoned cathodolurninescent calcite. 

Cement #CI is a bladed to equant, isopachous, nonferroan calcite cement that displays 

a zoned cathodoluminescent signature. This cement reduces and lines primary interparticle 

porosity in the Bethany Falls oolitic and bioclastic grainstones and is truncated by fractures. 

Because this cement is only observed in Bethany Falls grainstone primary interparticle 

porosity, a reasonable interpretation is that this cement precipitated prior to any dissolution 

event that created secondary porosity in the Bethany Falls limestone. Figure 4.3 illustrates 

cement #C 1 reducing and lining primary interparticle porosity. Figure 4.4 illustrates the 

cathodoluminescent signature of this cement. 

Cement #C2: PE3_50, Poikilotopic, nonferroan, nonluminescent 
syntaxial calcite. 

Cement #C2 is a nonferroan, nonluminescent, syntaxial calcite cement overgrowth on 

crinoid grains in the Bethany Falls limestone grainstone lithofacies. This cement generally fills 

primary interparticle porosity in the Bethany Falls oolitic and bioclastic grainstones. As ooid 

abundance decreases in the lower portion of the grainstone lithofacies, the abundance of this 

cement increases because more non-coated crinoid bioclasts are available as nucleation sites. 

Because cement #C2 1s observed reducing and filling Bethany Falls grainstone primary 

interparticle porosity, a reasonable interpretation is that this cement and cement #C 1 

precipitated prior to dissolution events that created secondary porosity in the Bethany Falls 

limestone. Figure 4.3 illustrates cement #C2 filling primary interparticle porosity. Figure 4.4 

illustrates the cathodoluminescent signature of this cement. 
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Figure 4.3 Stained thin section photomicrograph of Cements #Cl, #C2 and #CS. Sample L6.S in 
the Lemon 6 Core, Bethany Falls limestone. 

Cement #C 1 grades into syntaxial cement #C2 which reduces primary interparticle porosity 
surrounding a crinoid grain in a bioclastic grainstone. Cement #CS fills secondary vug porosity. 

Arrow Explanation 
(1) Nonferroan bladed calcite cement #Cl reduces primary interparticle porosity and nucleated on 
a crinoid grain. 
(2) Nonferroan syntaxial calcite cement #C2 reduces and fills primary interparticle porosity also 
nucleated on a crinoid grain. 
(3) Ferman calcite cement #CS fills vug porosity overlying cements #Cl. 

Figure 4.4 111in section cathodoluminescent photomicrograph ofcements #Cl, #C2 and #CS. 
Sample L6.5 in the Lemon 6 Core, Bethany Falls limestone. 

Cement #Cl grades into syntaxial cement #C2 which reduce primary interparticle porosity 
surrounding a crinoid grain in a bioclastic grainstone. Cement #CS fills secondary vug porosity. 

Arrow Explanation 
(1) Non ferroan bladed calcite cement #C 1 reduces primary interparticle porosity and nucleated on 
a crinoid grain. 
(2) Non ferroan syntaxial calcite cement #C2 reduces and fills primary interparticle porosity also 
nucleated on a crinoid grain. 
(3) Ferman calcite cement #CS fills vug porosity overlying cements #C 1 
(4) Ferman calcite cement #C5 fills vug porosity that truncates neomorphic spar. 





#C2 Fluid Inclusions 

During a 1990 fluid inclusion seminar, primary and secondary fluid inclusions were 

identified in syntaxial cement #C2 overgrowths on crinoids in the grainstone lithofacies of the 

Bethany Falls limestone, Lemon 11 core. A preliminary fluid inclusion study of the syntaxial 

calcite overgrowths was initiated. Single phase (all liquid} fluid inclusions are located 

adjacent to echinoderm grains along growth zones and within inferred crystal boundaries. Two 

phase (liquid-vapor) fluid inclusions are also distributed along with the one-phase inclusions. 

These two populations of fluid inclusions were interpreted as primary. 

Two phase (liquid-vapor} fluid inclusions in this cement displayed a wide distribution 

of homogenization and freezing temperatures. Based on wide distribution of homogenization 

and freezing temperatures, it is likely that the two phase fluid inclusions record the effects of 

reequilibration of the primary single phase fluid inclusions. The presence of single phase all 

liquid fluid inclusions indicates precipitation of this cement occurred at temperatures below 

about 50 degrees centigrade. 

Cement #C3: PE2C, Nonferroan, zoned cathodoluminescent calcite. 

Cement #C3 is an equant, isopachous, nonferroan, zoned cathodoluminescent calcite 

cement. This cement also lines Bethany Falls grainstone primary interparticle porosity. The 

abundance of this cement increases in areas where syntaxial cement #C2 is minor. It is likely 

that an increase in coated crinoid grains provide fewer places for the syntaxial cement #C2 to 

nucleate. As with cements #C 1 and #C2, this cement is observed reducing and filling primary 

interparticle porosity in the Bethany Falls limestone. Thus, a reasonable interpretation is that 

this cement also precipitated prior to dissolution events that created secondary porosity in the 

Bethany Falls limestone. Figures 4.5 and 4.6 illustrates cement #C3 reducing primary 

interparticle porosity. 
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Figure 4.5 Stained thin section photomicrograph of Cements #C3 and #C5. Sample L6.6 in the 
Lemon 6 Core, Bethany Falls limestone. 

Arrow Explanation 
(1) Nonferroan calcite cement #C3 reducing primary interparticle porosity between ooids. 
(2) Open porosity in high porous and permeable areas in the mixed oolitic and bioclastic grainstone 
lithologies. Other types of effective porosity are primary interparticle and secondary moldic and 
vug porosity. 
(3) Ferroan calcite cement #C5 fills secondary moldic porosity. 
(4) Ferroan calcite cement #C5 fills secondary moldic porosity and appears to have been truncated 
by a later dissolution event. 

Figure 4.6 Thin section cathodoluminescent photomicrograph of Cements #C2, #C3 and #C5. 
Sample L6.6 in the Lemon 6 Core, Bethany Falls limestone. 

Arrow Explanation 
(1) Non ferroan calcite cement #C3 reducing primary interparticle porosity between ooids. 
(2) Open porosity in high porous and pe1meable areas in the mixed oolitic and bioclastic grainstone 
lithologies. Other types of effective porosity are primary interparticle and secondary moldic and 
vug porosity. 
(3) Ferroan calcite cement #C5 fills secondary moldic porosity. 
(4) Ferroan calcite cement #C5 fills secondary moldic porosity and appears to have been truncated 
by a later dissolution event. 
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Cementation Event B - Nonferroan calcite cementation and Bethany Falls 
limestone primary and secondary porosity reduction. 

Nonferroan, calcite #C4 cement lines and reduces primary interparticle and secondary 

moldic porosity in the Bethany Falls limestone grainstone lithofacies. This cement (1) is 

restricted to the Bethany Falls limestone grainstone lithofacies, (2) is present in the paleosol on 

top of the Bethany Falls limestone and (3) is not present in the overlying Galesburg shale. 

Cement #C4 is the first cement to line secondary porosity, therefore, it must post date Bethany 

Falls limestone deposition and the first dissolution event that created Bethany Falls limestone 

secondary porosity. The first dissolution event is likely associated with subaerial exposure, 

paleosol formation and meteoric diagenesis at the end of Bethany Falls limestone deposition. 

Later cements are observed in Bethany Falls limestone primary and secondary porosity 

indicating these pores remained open at the end of this cementation event. 

Cement #C4: PE2C, Nonferroan, nonluminescent calcite. 

Cement #C4 is a nonferroan, nonluminescent calcite cement that generally ends with a 

bright luminescent band. This cement reduces and lines primary interparticle and secondaiy 

moldic porosity in the Bethany Falls limestone. Cement #C4 is observed in the upper one foot 

Bethany Falls limestone paleosol influenced zone. Cement #C4 lines interparticle pores after 

soil fom1ation processes likely created grain-to-grain contacts between grains that are now 

molds in the paleosol influenced zone (Figure 4.8). The significance of this cement is that 

cement #C4 is the first cement to reduce Bethany Falls limestone secondary porosity. Thus, 

this cement must have precipitated after a dissolution event and paleosol formation at the end 

of Bethany Falls deposition. Figures 4.7 and 4.8 illustrate cement #C4 reducing and lining 

primary interparticle and secondary porosity. 
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Figure 4.7: Stained thin section photomicrograph ofcements #C4 and #C5. Sample L6.8 in the 
Lemon 6 Core, Bethany Falls limestone. 

Arrow Explanation 
(1) Nonferroan calcite cement #C4 reduces and lines primary interparticle porosity overlying 
micritized ooids and bioclasts. 
(2) Ferroan calcite cement #C5 fills secondary moldic porosity overlying cement #C4 in ooid 
molds. 
(3) Ferroan calcite cement #C5 fills primary interparticle porosity overlying cements #C4. 

Figure 4.8: Thin section cathodoluminescent photomicrograph of cements #C4 and #C5. Sample 
L6.8 in the Lemon 6 Core, Bethany Falls limestone. 

Arrow Explanation 
(1) Non ferroan calcite cement #C4 reduces and lines primary interpa1ticle porosity overlying 
micritized ooids and bioclasts. 
(2) Ferroan calcite cement #C5 fills secondary moldic porosity overlying cement #C4 in ooid 
molds. 
(3) Ferroan calcite cement #C5 fills primary interparticle porosity overlying cements #C4. 
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Cementation Event C - Ferroan calcite cementation and Bethany Falls 
limestone primary and secondary porosity reduction. 

Ferroan calcite cement #C5 fills primary interparticle and secondary moldic and vug 

porosity in the Bethany Falls grainstone, packstone and wackestone lithofacies. This cement 

also fills rhizoliths in the Galesburg shale paleosol (Figure 4.11). Cement #CS is also the first 

cement observed in secondary porosity in the Bethany Falls packstone and wackestone 

lithofacies. Additionally, this cement is not observed in the overlying Dennis sequence strata 

and is truncated by a later dissolution event. These observations suggest this cement formed: 

(1) after Bethany Falls limestone deposition, (2) after paleosol formation on top of the Bethany 

Falls limestone, (3) after the first dissolution event associated with the Bethany Falls paleosol, 

(4) after formation of a paleosol in the Galesburg shale and (5) prior to deposition of the 

Canville limestone. The presence of this cement in Galesburg shale rhizoliths indicates that 

this cement precipitated after a subaerial exposure event in the Galesburg shale. It is likely 

that a second dissolution event associated with formation of the Galesburg shale paleosol may 

be responsible for formation of the moldic and vug porosity, filled by cement #C5, in the mud-

supported lithologies of the Bethany Falls limestone. Later cements are also observed in 

Bethany Falls limestone primary porosity indicating that this cementation event did not 

completely fill all Bethany Falls limestone primary and secondary porosity. 
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Cement #C5: PE2_3 Poikilotopic, ferroan, calcite. 

Ferroan calcite #CS cement fills primary interparticle and is the first cement that fills 

moldic and vug porosity throughout the Bethany Falls limestone grainstone, packstone and 

wackestone lithofacies. Additionally this cement is observed in the Galesburg shale paleosol 

rhizoliths. The cathodoluminescent signature of this cement is highly variable. In the upper 

Bethany Falls oolitic grainstone intervals, moldic and interparticle porosity is filled by a non-

luminescent ferroan calcite (Figure 4. 7 and 4.8). In the lower Bethany Falls bioclastic 

grainstone intervals, this cement fills primary interparticle and solution enlarged fracture 

porosity (Figure 4. 9) Figure 4 .10 from sample L6. 7 shows zoned dull luminescent to bright 

luminescent ferroan calcite #C5 cement filling moldic porosity. Because these 

cathodoluminescent signatures are from a ferroan equant calcite filling moldic, vug and 

primary interparticle porosity and there are no other cross-cutting relationships differentiating 

the cathodoluminescent signatures, they are grouped together as one cement. 

Cementation Event D - Ferroan calcite cementation in the upper foot of 
the Bethany Falls limestone. 

Cementation event D consists of precipitation of ferroan calcite cement #C7 in 

secondary porosity in the Canville limestone, Galesburg shale and upper one foot of the 

Bethany Falls limestone. This cementation event is minor since it only filled a very small 

percentage of secondary moldic porosity in the upper one foot of the Bethany Falls limestone. 

This cementation event is significant in the Canville limestone and Galesburg shale since it fills 

approximately 50%-70% of moldic porosity. There was no vug porosity observed in the 

Canville limestone. 
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Figure 4.9 Thin section photomicrograph of slightly ferroan cement #CS filling a fracture in the 
grainstone lithofacies. Sample L6.5 in the Lemon 6 core, Bethany Falls limestone. 

Arrow Explanation 
(1) Slightly ferroan cement #CS filling a fracture that truncates oolitic packstone lithoclasts and 
isopachous cement #C 1. 

Figure 4.10 Thin section cathodoluminescent photomicrograph of Cement #5 illustrating the 
variability in luminescent character. Sample L6.7 in the Lemon 6 Core, Bethany Falls limestone. 

Arrow Explanation 
(1) Ferroan calcite cement #C5 illustrating zoned cathodoluminescent character in moldic porosity. 
(2) Ferroan calcite cement #C5 illustrating zoned cathodoluminescent character in primary 
interparticle porosity. 
(3) Ferroan calcite cement #CS illustrating dull cathodoluminescent character in primary 
interparticle porosity. 
(4) Ferroan calcite cement #C5 illustrating dull cathodoluminescent character in moldic porosity. 
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Cementation Event D must have followed deposition of the Canville limestone and is 

likely after the same dissolution event that created more moldic porosity reduced by nonferroan 

calcite cement #C6 in the Canville limestone. There is no evidence of a dissolution event 

between precipitation of nonferroan calcite cement #C6 and ferroan calcite cement #C7 in the 

Canville limestone moldic pores. Ferroan calcite cement #C7 is also observed filling fracture 

porosity in the Canville limestone suggesting that this cementation event post dates burial 

compaction of the Canville limestone. Ferroan calcite cement #C7 is present in the Galesburg 

shale and the upper one foot of the Bethany Falls limestone indicating an open pore system 

extended from the Canville limestone, Galesburg shale and through at least the top one foot of 

the Bethany Falls limestone prior to Cementation Event D. 

Cement #C6: PE-B2, Nonferroan, zoned cathodoluminescent calcite. 

Nonferroan, equant to bladed calcite cement #C6 lines and fills phylloid algal and 

mollusk moldic pores in the Canville limestone. It resembles cement #C4 because it also lines 

moldic porosity. However, cement #C4 in the Bethany Falls limestone does not show the 

complex cathodoluminescent signatures observed in cement #C6. Figures 4.11 and 4.12 

illustrates cement #C6 lining and reducing moldic porosity overlain by ferroan calcite cement 

#C7 in the Canville limestone. Because this cement is not observed in the Bethany Falls 

limestone, it has no impact on porosity reduction except to say, this cement followed a third 

dissolution event after deposition of the Canville limestone which may have enhanced porosity 

in the Bethany Falls limestone. 
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Figure 4.11 Thin section photomicrograph of unstained cement #C6 reducing a phylloid algae 
mold overlain by cement #C7 in a phylloid algae wackestone. Sample L6.9 in the Lemon 6 Core, 
Canville Limestone. 

Arrow Explanation 
(1) Non ferroan calcite cement #C6 lines a phylloid algae mold. 
(2) Non ferroan calcite cement #C6 continuing to reduce the mold. In other sample, this cement 
completely fills phylloid and mollusk molds. 
(3) Ferman calcite cement #C7 fills remaining porosity in the phylloid mold. In other areas of this 
sample, this cement completely fills allochem molds and fractures. 

Figure 4.12 Thin section cathodoluminescent photomicrograph of unstained cement #C6 reducing 
a phylloid algae mold overlain by cement #C7 in a phylloid algae wackestone. Sample L6.9 in the 
Lemon 6 Core, Canville Limestone. 

Arrow Explanation 
(I) Non ferroan calcite cement #C6 lines a phylloid algae mold. 
(2) Non ferroan calcite cement #C6 continuing to reduce the mold. In other sample, this cement 
completely fills phylloid and mollusk molds. 
(3) Ferroan calcite cement #C7 fills remaining porosity in the phylloid mold. In other areas of this 
sample, this cement completely fills allochem molds and fractures. 





Cement #C7: PE2_3, strongly ferro an, nonluminescent calcite. 

Ferroan calcite cement #C7 fills phylloid algal and mollusk moldic porosity overlying 

cement #C6 in the Canville limestone. This cement is also observed filling rhizoliths in the 

Galesburg shale and moldic porosity in the upper one foot of the Bethany Falls limestone. 

(Figures 4.13-4.14). Additionally, cement #C7 fills fracture porosity which truncates 

allochem molds and all other fabrics observed in the Canville limestone. This cement 

resembles ferroan calcite #C5, however, cement #C7 shows a much stronger ferroan stain than 

cement #C5 (Figure 4.14). 

Cementation Event E - Ferroan saddle dolomite cementation in the 
Bethany Falls limestone primary and secondary porosity. 

Ferroan saddle dolomite cement #D 1 distribution is present throughout the entire 

Bethany Falls limestone whereas the earlier ferroan calcite cement #C7 is found only in the 

upper one foot of the the Bethany Falls limestone. Thus, it is likely that a fourth and final 

dissolution event opened up a new pore system prior to dolomite #D 1 precipitation. Ferroan 

saddle dolomite #D 1 is the last cement that reduces primary and secondary porosity in the 

Bethany Falls limestone reservoir. 

Cement #D1: Unimodal, nonplanar, void filling, nonlurninescent, 
ferroan saddle dolomite cement. 

Ferroan saddle dolomite #D 1 reduces primary interparticle and secondary moldic, vug 

and fracture porosity in the Canville limestone, Galesburg shale and Bethany Falls limestone. 

This cement exhibits a patchy distribution throughout the Bethany Falls limestone extending 

from the grainstones down into the mud supported lithologies (Figures 4.15 and 4.16). This 

cement is cut by open fractures and fills fractures as well. This cement is the last cement that 

reduces but by no means fills all open effective primary and secondary porosity in the Bethany 

Falls limestone 
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Figure 4.13 Stained thin section photomicrograph of cements #C5 and #C7 filling rhizoliths in the 
Galesburg shale paleosol. Sample Ll2.8 in the Lemon 12 core, Galesburg Shale. 

Arrow Explanation 
(1) Ferroan calcite cement #C7 overlies ferroan calcite #C5 in a rhizolith mold. 

Figure 4.14 Stained thin section photomicrograph of cement #C7 filling secondary porosity in the 
Bethany Falls oolitic grainstone. Sample Ll2.5 in the Lemon 12 core, Bethany Falls limestone. 

Arrow Explanation 
(1) Ferroan calcite cement #C7 fills moldic porosity. 





This cement overlies ferroan calcite cement #C5 in vug and moldic pores in the Bethany Falls 

limestone indicating that this cement is a late event. Dolomite cement D# 1 is also truncated by 

open fractures that connect effective porosity and enhance permeability. Figures 4.15 and 4.16 

illustrate the patchy distribution of this dolomite cement. 

Other Diagenetic Phases 

Spar #D2: Polymodal, nonplanar, partially replacing allochems, mimic, 
ferroan dolomite spar. 

This dolomite spar partially replaces ooid laminae and nuclei in the Bethany Falls 

limestone paleosol zones. Dolomite spar #D2 is polymodal with dolomite microspar 

preserving crinoid or micritized ooid nuclei while subhedral to anhedral spar replaces ooid 

laminae and truncates ooid cortices (Figure 4.17). Since this spar is replacing ooids, the 

superposition criteria used to infer cement precipitation timing cannot be to used to infer when 

this spar began to replace its host. This spar is only found in the upper 1 foot of the Bethany 

Falls limestone and does not impact Bethany Falls limestone porosity distribution. 

#Sl: Chert replacement. 

Chert replacement is non-fabric selective in the Bethany Falls limestone. It replaces 

allochems, calcite cements and dolomite rhombs in the grainstone lithologies. Figure 4.18 

illustrates the replacive nature of this phase. This diagenetic phase is minor in the Bethany 

Falls limestone and does not impact Bethany Falls limestone porosity distribution. 
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Figure 4 .15 Thin section photomicrograph of saddle dolomite cement #D 1 filling primary 
interparticle and secondary moldic porosity. Sample R2.12 in the Rhoades 2 core, Bethany Falls 
limestone. 

Arrow Explanation 
(I) Non ferroan calcite cement #C3 lining primary interparticle porosity. 
(2) Ferman saddle dolomite cement #DI filling primary interparticle and secondary moldic 
porosity. 
(3) Open fracture truncating cement #Dl. 

Figure 4 .16 Thin section photomicrograph of saddle dolomite cement #DI filling secondary vuggy 
porosity in a fossiliferous packstone. Sample L6.3 in the Lemon 6 core, Bethany Falls limestone. 

Arrow Explanation 
( 1) F erroan saddle dolomite cement #DI filling secondary vuggy porosity in a fossiliferous 
packstone. 
(2) Effective microvug porosity delineated by blue epoxy. 





Figure 4.17: Th.in section photomicrograph of dolomite spar #D2 partially replacing an oolite in 
the Bethany Falls oolitic grainstone paleosol. Sample L6.8 in the Lemon 6 core, Bethany Falls 
limestone. 

Arrow Explanation 
(1) Slightly ferroan microcrystalline dolomite spar #D2 partially replacing a crinoid nucleus. 
(2) Slightly ferroan dolomite spar #D2 partially replacing ooid laminae. 
(3) Alveolar texture 

Figure 4 .18 Thin section photomicrograph of chert #S 1 partially replacing an echinoid grain and 
cement #CS in a fossiliferous packstone. Sample L6.4 in the Lemon 6 core, Bethany Falls 
limestone. 

Arrow Explanation 
(1) Chert #S 1 partially replacing an echinoid grain and dolomite. Rhombic geometry of dolomite is 
presen-ed. 
(2) Chert #SI partially replacing cement #CS. 
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Spar #Nl: NE1_2 , non ferroan, nonluminescent calcite spar. 

Neomorphosed ooids are located in the lower portions of the mixed oolitic and 

bioclastic grainstone lithofacies as oolite packstone intraclasts. Evidence used to identify this 

spar as neomorphic include: (1) original ooid laminae are visible in the spar and (2) 

boundaries between spar, ooid nuclei and surrounding micritic matrix is gradational unlike 

cemented fabrics. This spar also is observed in the mud supported lithologies of the Bethany 

Falls limestone as microspar which adds to the mottled appearance observed in core. This spar 

is not significant in the Bethany Falls limestone and does not impact Bethany Falls limestone 

porosity distribution. 

Porosity and Permeability Enhancement 

Fracturing 

Spar filled and open fractures are observed in the Bethany Falls and Canville 

limestone. In terms of the Bethany Falls limestone reservoir, vertical fracturing appears to 

enhance permeability by linking effective porosity (Figures 4.19 and 4.20). Fracturing appears 

to be extensive. Selzer 7-2 (T34S, R20W, Sec. 2) was cored through the Stark shale and 

vertical fractures were common (Kansas Cores, 1981 ). Two wells are reported to be 

productive in the Canville limestone: (1) Baker 1-34 (T33S, R20W, Sec. 34) was perforated in 

the Canville and Bethany Falls limestone and (2) Selzer 8-2 (T34S, R20W, Sec. 2) was a gas 

well that was perforated in the Canville limestone. This fracturing system and interpreted late 

stage dissolution events following Canville limestone deposition and prior to ferroan saddle 

dolomite cementation may be responsible for porosity and permeability development in the 

Canville limestone. 
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Figure 4.19 Thin section photomicrograph of a fracture that connects oomoldic and moldic 
porosity. Sample R2.12 in the Rhoades 2 core, Bethany Falls limestone. 

Arrow Explanation 
(1) fracture that connects oomoldic and moldic porosity in the grainstone lithofacies. 

Figure 4 .20 Thin section photomicrograph of a fracture that connects vuggy porosity in a 
packstone lithofacies. Sample L6.3 in the Lemon 6 core, Bethany Falls limestone. 

Arrow Explanation 
(1) Fracture that connects vuggy porosity. 
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BethanyFallsLimestoneParagenesisSummary

Combining    cement    descriptions,    thin    section    macroscopic    and    microscopic

observationsandBethanyFallslimestone,GalesburgshaleandCanvillelimestonedepositional

models  led  to  identification  of  14  Bethany  Falls  limestone  reservoir  paragenctic  evellts.

Bethany  Falls  limestone  paragenesis  define  diagenctic  history,  porosity  and  pemeability

developmentoftheCollierFlatsfield(Table4.2).

d AdditionalComments
ParageneticEvent1)I,eposition SignificantFeaturesor Cross-cuttingObservations InterpreteDiageneticEvironment

CementsOoliticand

Ooid laminae are

nMarine Phreatic

Bioclastic truncated by
Fomation ofOf Bethany abrasion in the

Falls Limestone grainstones are coated grains andmicritization
deposited as lithoclasts.

Creation Of carbonate sandshoals
The lithoclasts and generally occurs in

primary primary PP] a marine phreatic
[BP] porosity "\

Oolitic packstonel.thoclastsare porosity is reduced
diagenetic

tlie Betliany Falls by nonferroan envirorment.
limestolle 1observed in thelowerintervals ofthegrainstones.Allochemsand1ithoclastsareextensivelyInicritized.

calcite cements.

Table 4.2 Bethany Falls limestone paragenesis.
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Table4.2BethanyFallslimestoneparagenesis(continued).92
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Event Features or Observations Diag?netlcEnvironment Comments
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limestone and pro] and [VUG] limestone. and Galesburgpaleosol,thiscementmusthave

Galesburg shaleprimaryandsecondary porosity.
Cement #C5 is

This cement is also restricted to the precipitated prior

I,orosity.Redilction Ofprimaryaildsecoirdaryporosityint]ieBethanyFal:I:sli]iiestoi.e. observed in the Bethany Falls to deposition of the

Galesburg shale limestone and remaining

paleosol. Galesburg shale.Cement#C5isoverlainbydolomite#DlinBethanyFallslimestonevugs. Galesburg shaleandCanvillelimestone.

8) Deposition OfTheRemainingGalesburgShale. There are several Transition between

feet of Galesburg meteoric and

shale above the marine diagenetic

Galesburgpaleosol. envirorments.

9) De|)osition Of creation of Calcite cement #C7 Marine Phreatic . Due the sealingth

Transgressive phylloid algal and dolomite #D1d DiagenesisDeposition of a natureof    eGalesburgShale, it

Canville wackestone. are observereducingmoldicporosityinthe
is not knoun if re-

Limestone
Calcite cements

establishment ofthemarinephreatic

#C6 and #C7 Canville limestone, open manne

reduce and fill Galesburg shale Phylloid AIgae diagenetic

moldic porosity in and Bethany Falls wackestone envirorment

the Canvillelinestone. limestone. indicates  marme affected the

phreatic diagenesis underlyinglithologies.
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Paragenetic Signiflcant Cross-cutting Interpreted Additional

Event Features or Observations Diagenetic Comments

Cements Environment

10) Dissolution Creation of Later cements #C7 Burial Diagenesis

Event #3: phylloid algal and and #Dl reduce
There appears tomollusk molds in and fill mold and

Creation of the Canville VAg porosity in the be no break in

secondary [MO] limestone.Possible Canville linestone, sedinentation and

porosity in the Galesburg shale progressive burial

Canville and Bethany Falls of Canville line-

limestone, enhancement of limestone. stone by the Stark

Galesburg shale porosity in the
Cement #C6 is

shale and younger

and Bethany Falls underlying formations.

limestone lithologies. restricted to theCanvillelimestone
Prior to #C6 and

Possible ett]iance- molds. #C7 calcitecementation, theremusthavebeena

melit Of pri]tlarya]idsecoiidary
Ferroan calcite

porosity i]. tlte cement #C5 is dissolution event

Betllai[y Falls trmcated prior to because these

Hmestoiie. the overlying cements fill
saddle dolomite secondary porosity

#Dl cement in the in the Canville
sane pore space. limestone.

11)   Cementation Equnt, non- There is no Burial Diagenesis This cementation

Event D: feIToan, calcite evidence that there
There appears to

event have very

cement #C6 is a break in little impact on

Equant nonfer- reduces and fills cementation be no break in Bethany Falls

roan #C6 calcite phylloid and between nonfer- sedimentation and limestone porosity

and ferroan  #C7 mollusk molds in roan calcite #C6 progressive burial reduction.

calcite cemen- the Canville and ferroan calcite of Canville lime-

tation in the limestone only.Equant,ferroan, #C7 since they fill stone by the Stark

Canville lime- the same pore in shale and younger

stone, Galesburg the Canville formations.

shale and Bethany nonluninescent linestone.Ferroansaddle

Falls limestone.Reductiol.Of calcite cement #C7reducesandfills

moldic porosity in dolomite #D1

Betllc[ny Fate the Canville cement is observed

Liil\estone limestone, adjacent to this

primary arld Galesburg shale cement but does

secoiidary and upper one foc)t not fill the sane

porosity. of the BethanyFallslimestone. pore spaces.



Paragenetic Significant Cross-cutting Interpreted Additional 
Event Features or Observations Diagenetic Comments 

Cements Environment 

12) Dissolution F erroan saddle Ferroan saddle Burial Diagenesis Because ferroan 
Event #4: dolomite #Dl is dolomite #Dl saddle dolomite 

observed in the cement is much There appears to #DJ cement is 
Creation of Canville limestone, more abundant in be no break in observed adjacent 
secondary Galesburg shale the Bethany Falls sedimentation and to ferroan calcite 
porosity in the and Bethany Falls limestone than progressive burial #C7 cement but 
Canville lime- limestone. ferroan calcite #C7 of Canville lime- does not fill the 
stone, Galesburg cement and do not stone by the Stark same pore spaces, 
shale and Bethany Dolomite #D 1 fill the same pore shale and younger it is likely that a 
Falls limestone. overlies an etched spaces. formations. dissolution event 

ferroan calcite #C5 opened up a new 
Possible enhance- in Bethany Falls pore system prior 
me11t <if primary vug porosity. to dolomite #D 1 
a11d seco11dary cementa ti on. 
porosity i11 the 
Betlia11y Falls 
limestone. 

13) Cementation F erroan saddle Cement #DI is the Burial Diagenesis Fracturing appears 
Event E: dolomite #Dl second cement that to have been a 

cement is observed is present in both This cement progressive 
Precipitation of in the Canville the Canville and reduces and is throughout the rest 
fcrroan saddle limestone, Bethany Falls truncated by of the burial 
dolomite #Dl Galesburg shale limestone. fractures. history. Open 
cement in the and Bethany Falls fractures are 
Canville limestone. Dolomite #DI fills observed in the 
limestone, fractures and is regressive and 
Galesburg shale Cement #Dl is truncated by transgressive 
and Bethany Falls observed in fractures in the limestone. 
limestone. Bethany Falls Bethany falls 

primary and limestone. 
Reduction of secondary porosity 
primary and in the grainstone This cement 
seco11dary porosity lithofacics. overlies ferroan 
ill tlte Betltauy calcite cement #C5 
Falls limestone. This cement is also in vug and moldic 

observed reducing pores in the 
secondary porosity Bethany falls 
in the Bethany limestone. 
Falls packstone 
and wackestone 
lithofacies. 

Table 4.2 Bethany Falls limestone paragenesis continued. 
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Paragenetic Significant Cross-cutting Interpreted Additional 
Event Features or Observations Diagenetic Comments 

Cements Environment 

14) Fracturing: Open fractures Fracturing is Burial Compaction 
truncate all faeries observed truncating 

E11hanceme11t of and cements. and filled by 
primary a11d saddle dolomite 
secondary porosity #Dl cements in the 
and permeability Bethany Falls 
ill the Bethany limestone, 
Falls limesto11e. Galesburg shale 

and Canville 
limestone. 

Table 4.2 Bethany Falls limestone paragenesis continued. 

A summary of the Bethany Falls limestone paragenetic events and identification of 

porosity and penneability development and reduction events are presented in graphical form in 

Figure 4.21. 

Bethany Falls paragenesis suggest four dissolution events have enhanced Bethany 

Falls limestone reservoir porosity forming a complex pore system of primary and secondary 

porosity. The final cementation event, ferroan saddle dolomite, fills and reduces primary 

interparticle and secondary porosity in the Bethany falls grainstone lithofacies. This 

observation indicates that despite four major cementation events, primary interparticle porosity 

remains open and is a part of Collier Flats field effective porosity. Additionally, vertical 

fracturing enhances Bethany Falls limestone reservoir permeability. 
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Integrated Bethany Falls Limestone Porosity and Permeability Model 

Bethany Falls Paragenesis And Core Analysis Integration 

Quantitative whole core analysis, qualitative thin-section analysis, interpreted 

paragenetic events and depositional processes are used to create an integrated Bethany Falls 

limestone porosity and permeability model. Effective and closed pores consist of interparticle, 

moldic, vug, microvug and fracture pores. Effective porosity is present only in the grainstone 

lithofacies in the productive Lemon 5, 7 and 10 cores (low permeability cores). Effective 

porosity is developed in the grainstone, packstone and wackestone lithofacies in the remaining 

productive cores (high permeability cores). Permeability is also highly variable within and 

between these cored wells. The foundation for this integrated porosity and penneability model 

is the recognition and acceptance that overall average permeability for a core can be grouped 

into two porosity and penneability distributions (high and low permeability) related to 

depositional environment. Correlation of whole core analysis data with thin-section pore types 

estimates is used to verify the two porosity and penneability distributions. These porosity and 

permeability distributions are: 

1) Porosity & Permeability Distribution #1, Rhoades I, Lemon 7, Lemon 8 and Lemon 10 

low permeability cores. These cores have moderate and high porosity grainstone intervals 

with low to zero permeability. Underlying mud supported lithologies are non-productive. 

2) Porosity & Permeability Distribution #2, Lemon 5, Lemon 6, Lemon 11, Rhoades 2 and 

Rhoades 3 high permeability cores. These cores have high porosity and permeability 

developed in the grainstone and underlying mud supported lithologies. These cores also 

have moderate and high porosity grainstone intervals with low to zero permeability. 
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Low Permeability Core Observations, Porosity & 
permeability Distribution #1 

A v{.,-rage porosity and horizontal permeability for low perrrieability cores are 14 % and 

d respectively (Table 4.3). Additionally, many of these cored intervals show good porosity 

d no permeability indicating permeability heterogeneity exists within individual cores 

assified as high or low permeability. Individual cored intervals are correlated with thin-

REANALYSIS DATA . . . 
W PERMEABLE CORES - Poros1t /Permeab1ht Distribution# I 

OADES I 
Depth 

4766-67 
4767-68 
4768-69 
4769-70 

D 
4793-94 
4794-95 
4795-96 
4796-97 
4797-98 

D h 
4776-77 
4777-78 
4778-79 
4779-80 
4780-81 
4781-82 
4782-83 
4783-84 

De th 
4773-74 
4774-75 
4775-76 
4776-77 
4777-78 

AVE 
STDEV 

Horiz. 
md 

k Vert. 
md 

0 
22.1 

4.6 
0 

k Porosity 
% 

0 II.I 
9.8 16.1 
4.6 14.2 

() 9.6 

Horiz. k Vert. k Porosit 
0 7.6 

0 0 10.8 
() () 22.4 
0 () 23.9 

() 21.7 

Horiz. k Vert. k Porosit 
0 0 ~8 

0.8 0 7.9 
1.2 0.2 7.8 

12.1 4.6 15.1 
0 0 6.1 

0 8.6 
0 0 7.4 
0 0 9~ 

Horiz. k Vert. k Porosit 
23 21~ 21~ 
2 2.1 25 
3 2.4 28.5 

2.1 0.8 14.8 
0 0 6.7 

3 2 14 
7 7 

section samples noted on core descriptions 

in Appendix B. Thin-section estimates of 

open pore types and core-analysis 

porosity and permeability are presented in 

Figure 4.22. Relative percentages of 

these pore types are normalized to I 00% 

and are presented in Table 4.4. 

Figure 4.22 illustrates low 

permeability core observations (Porosity 

and Permeability Distribution #1) from 

thin-sections with whole core porosity and 

permeability data. This correlation 

indicates the most significant pore types 

are vuggy, moldic and microvugular 

porosity. Thin section estimates for 

average moldic, vuggy and microvugular 

porosity are 3 9%, 13 % and 44 % of total 

Table 4.3 Core analysis porosity and permea- porosity for low permeability cores 

bility data. Low permeability cores. "k" - refers respectively (Table 4.4). 
to permeability in millidarcies. 
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Thin section pore type estimates clearly show samples that are exceptions to the calculated 

averages. These exceptions are possibly due to natural heterogeneity in biotic constituents in 

the Bethany Falls reservoir facies. For example, where crinoids bioclasts all primary porosity 

is filled with syntaxial cements and secondary porosity is absent. Additionally, any particular 

thin section of the reservoir facies are too small to be representative of the total variance in 

pore types. 
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CORE ANALYSIS AND PORE TYPE CORRELATION 
Porosity/ Permeability Distribution #1 - Low Permeability Cores 

ICORE 

I POROSITY & 
PERMEABILITY DATA 

m n l l l t l l l 
I THIN-SECTION PORE TYPE ESTIMATES 

ESTIMATES NORMALIZED TO I00% 

; J '} I I I I 

"' l 

J 
RI-I Rl-2 Rl-3 L7-1 L7-4 L7-5 LS-I L8-2 L8-3 L8-4 LS-5 L8-6 LS-7 LIO-I LI0-3 LI0-4 LI0-5 

PORE TYPE DATA BASED ONTHIN-
SECTION ESTIMATES 

Figure 4.22 Core analysis and pore type estimates for low permeability cores. 
This correlation illustrates the low vuggy pore percentage and high moldic porosity percentage 
ratio trend for low permeability cores in the Lemon Ranch and Rhoades leases of the Collier 
Flats field. There are exceptions to this trend possibly due to biotic heterogeneity in the 
Bethany Falls reservoir facies and thin section small sampling scale. 

Porosity is in Percent. 
Horiz K. is Horizontal permeability in millidarcies. 
Vert. K. is Vertical permeability in millidarcies. 
MO is moldic porosity percentage of total porosity. 
VG is vug porosity percentage of total porosity. 
MVG is microvug porosity percentage of total porosity. 
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LOW PERMEABLE CORES HIGH PERMEABLE CORES 
Porosity/Permeability Distribution #1 Porositv/Permeabilitv Distribution #2 
PORE TYPE DATA BASED ON THIN-SECTION PORE TYPE DATABASED ON THIN-SECTION 
ESTIMATES ESTIMATES 
RELATIVE PERCENTAGE OF PORE TYPES RELATIVE PERCENTAGE OF PORE TYPES 
Sample# MO VG MVG BP MO VG MVG BP 

% % % % Sample II % % % % 
Rl-1 50 0 50 0 R3-1 57 14 14 14 
Rl-2 50 25 25 0 R3-2 46 18 28 9 
Rl-3 44 33 11 11 R3-7 25 25 50 0 
L7-1 57 14 29 0 R3-10 27 0 73 0 
L7-4 67 17 17 0 R2-l 40 40 20 0 
L7-5 80 12 8 0 R2-2 40 40 20 0 
L8-1 0 0 100 0 R2-4 17 50 33 0 
L8-2 0 0 100 0 R2-5 17 50 33 0 
L8-3 17 33 50 0 R2-8 20 40 40 0 
L8-4 37 37 26 0 R2-9 25 25 50 0 
L8-5 33 0 67 0 LS-I 43 0 14 43 
L8-6 33 0 67 0 L5-3 43 0 14 43 
L8-7 33 0 67 0 L5-4 43 0 14 43 
LIO-I 38 16 16 31 L6-3 35 25 25 15 
LI0-3 52 7 34 7 L6-5 56 11 33 0 
LI0-4 60 20 20 0 L6-8 17 50 33 0 
Ll0-5 20 20 60 0 L6-9 17 50 33 0 
AVE 39 14 44 3 Ll 1-1 31 41 29 0 
STDEV 21 13 28 8 Ll 1-3 50 0 50 0 

Ll 1-4 20 60 20 0 
Ll 1-5 17 0 83 0 
AVE 33 26 34 8 
STDEV 14 21 19 15 

Table 4.4 Relative percentages of pore types identified in thin-section for low and high 
permeability cores. 
MO - Moldic porosity, VG - Vuggy porosity, MVG - Microvug porosity, BP -
Interparticle porosity, AVE - Average and STDEV - Standard Deviation. Sample 
numbers refer to individual cored intervals that correlate with thin-section data. 

The location of low pern1eability cores are as follows: 

• Location of low permeability cores are restricted to the eastern and western margins of 

Collier Flats production in the Lemon and Rhoades Leases in sections 13 and 14, T34N, 

R20W (Figure 3.5). 

103 



• These low permeability areas correlate with less than 6 feet of low gamma ray well log 

response (Figure 3.4). 

• Net porosity thickness greater than 10% is less than 5 feet (Figure 3.4). 

e Porosity and permeability development does not cross Bethany Falls grainstone lithofacies 

into the lower mud-supported lithologies (Figure 3.4). 

• Lemon 7, 8 and IO cores contain thick porous zones with thin permeability streaks typical 

of permeability heterogeneity within a individual well (Figure 3.5). 

High Permeability Core Observations, Porosity & 
Permeability Distribution #2 

Average porosity and permeability for high permeability cores are 16% and 43 md 

respectively (Table 4.5). Many of these cored intervals show good porosity and pem1eability 

ranging from zero to several hundred milldarcies indicating pem1eability heterogeneity exists 

within individual cores classified as high permeability. Thin-section estimates of the relative 

percentage of open pore type and core analysis porosity and permeability are presented in 

Figure 4.23. Relative percentages of open pore types normalized to 100% are presented in 

Table 4.4. 

Figure 4.23 illustrates high permeability core observations (Porosity and 

Permeability Distribution #2) from thin-sections with whole core porosity and permeability 

data. This correlation indicates the most significant pore types are vuggy, moldic and 

microvugular porosity. Thin section analysis indicates average moldic, vuggy and 

microvugular porosity is 33%, 26% and 34% of total porosity for high permeability cores 

respectively (Table 4.4). As with the low permeability core, thin section pore type estimates 
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clearly show samples that are exceptions to the calculated averages. These exceptions arc also 

likely due to heterogeneity in the Bethany Falls reservoir facics and thin sections too small to 

be representative of the variance in pore types. However, there is an average of 13 % more 

open vuggy porosity in these high permeability cores relative to the open vuggy porosity in the 

low pem1eability cores. Vug pores aid in connecting open moldic and microvug porosity. 
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Figure 4.23 Core analysis and pore type correlation for high pem1eability cores. 
This correlation illustrates the high vuggy pore percentage and lower moldic porosity 
percentage ratio relationship for high permeability cores in the Lemon Ranch and Rhoades 
leases of the Collier Flats field. There are exceptions to this trend due to heterogeneity in the 
Bethany Falls lithofacies. Porosity is in Percent. 

Horiz K. is Horizontal permeability in millidarcies. 
Vert. K. is Vertical penneability in millidarcies. 
MO is moldic porosity percentage of total porosity. 
VG is vug porosity percentage of total porosity. 
MVG is microvug porosity percentage of total porosity. 
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CORE ANALYSIS DATA 
HIGH POROUS AND PERMEABLE CORES - Porosity I Penneability 
Distribution #2 
RHOADES3 

Deoth Horiz. k ( md) Vert. k(md) Porosity (%) 
4772-73 0 0 10.8 
4773-74 2.4 1.2 14.6 
4774-75 2.2 0.8 19.9 
4775-76 67.9 55.2 23.2 
4776-77 22.1 7.4 17.8 
4777-78 0 0 5,8 
4778-79 2.9 1.8 11.2 
4779-80 4.7 3 11.7 
4780-81 0 0 9.7 
4781-82 0 0 8.6 
4782-83 0 0 8.5 

RHOADES2 
Deoth Horiz. k Vert. k Porositv 
4755-56 21.3 13.6 29.9 
4756-57 140 130 22.1 
4757-58 110 55.2 19.3 
4758-59 300 125 22 
4759-60 2.1 0 16.1 
4760-61 51.6 32.8 16.5 
4761-62 48.2 39.6 16,8 
4762-63 56.1 31.2 15.2 
4763-64 32.6 18.9 13.6 
4764-65 0 0 10.3 

LEMONS 
Deoth Horiz. k Vert. k Porosity 
4784-85 77.8 38.5 26.5 
4785-86 0 0 10.2 
4786-87 36.6 JO.I 24.4 
4787-88 32.2 13.2 25.5 

LEMON6 
Deoth Horiz. k Vert. k Porositv 
4781-82 JO.I I 29.7 
4782-83 8 4.2 20.7 
4783-84 5.8 2.1 22.8 
4784-85 22,5 74 16.5 
4785-86 130 57 23.2 
4786-87 130 120 19.2 
4787-88 26.7 32.2 17.8 
4788-89 0 0 12 
4789-90 280 280 19,7 
4790-91 0 0 12.4 
4791-92 0 0 6.9 

LEMON!! 
Deoth Horiz. k Vert. k Porosity 
4758-59 43.8 3.2 15.8 
4759-60 125 62.7 15.6 
4760-61 I 0.8 14.4 
4761-62 4.6 3 14.4 
4762-63 2.1 0 12.2 
4763-64 0 0 7.7 

AVE 43 27 16 
STOEY 70 53 6 

Table 4.5 Core analysis porosity and perm-
eability data. High permeable cores. "k" -
refers to permeability in millidarcies. 
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Microvug porosity 1s observed m 

micritized allochem shell walls in the 

grainstone lithofacies and appears as a 

"moth-eaten" fabric in packstone and 

wackestone lithofacies. 

The location of the high permeability 

cores correlate with: 

"' Areas in the Lemon and Rhoades 

leases where the Bethany Falls 

grainstone shoals are thicker than 6 

feet. 

• Net thickness of low gamma ray 

well log response (lowest 12 API 

Gamma Ray units) is more than 6 

feet (Figure 3.4). 

• Net porosity thickness with porosity 

greater than 10 % is more than 5 feet 

thick (Figure 3.4). 

• Core porosity and permeability 

development cross lithologic 

boundaries from the Bethany Falls 

grainstones down into the mud 

supported lithologies (Figure 3. 4). 



Bethany Falls Limestone Reservoir Porosity and Permeability 
Model Summary 

Depositional Environment Component 

Where Bethany Falls grainstone shoals are not present, porosity is generally very low 

and permeability is less than one millidarcy (Lemon 4 and Lemon 2x cores), leading to 

nonproductive wells. In cores where grainstone lithofacies are present, all other cored wells, 

porosity and permeability is present leading to productive wells. Thus, the presence of 

Bethany Falls grainstone lithofacies is essential for effective porosity and permeability 

development. 

Areas with the thickest low gamma ray well log responses correlate with cores that are 

characterized as high permeability, porosity and permeability distribution #2 (Lemon 6, 

Lemon 3, Rhoades 2 and Rhoades 3), and correspond to thick, greater than 5 feet, grainstone 

sand shoals. In these cores, high porosity and permeability is also observed in the packstone 

and wackestone lithologies below the grainstone lithofacies. Cores characterized as low 

permeability, porosity and permeability distribution # 1, were recovered on the eastern, 

southern and western margins of the grainstone sand shoals in the Lemon and Rhoades leases 

and correlate with thin low gamma ray well log responses, less than 5 feet. 

In high permeability cores, porosity and permeability distribution #2, moldic to vug 

pore type ratio average approximately 1.3 to 1. In the low permeability cores, porosity and 

permeability distribution # 1, moldic to vug pore type ratio average approximately 2.8 to 1 

(Table 4.4). The vug to moldic pore type ratio trends clearly has an effect on porosity and 

permeability. 

It is likely that primary porosity in the Bethany Falls grainstone sand shoals provided a 

pathway for fluids undersaturated with respect to CaCO3 to focus carbonate dissolution in the 

thicker portions of the carbonate sand shoals. The thicker portions of the carbonate sand 

shoals would have been a topographic high area where a freshwater lens would have been 

107 



present during subaerial exposure and meteoric diagenesis of the Bethany Falls limestone. 

Thus, the geometry of the Bethany Falls carbonate sand shoals, location of the freshwater lens 

and primary interparticle porosity likely influenced effective porosity development and creation 

of two porosity and permeability distributions. 

Dissolution Event 1: Creation of Bethany Falls Secondary 
Porosity in the Grainstone Lithofacies 

Bethany Falls limestone paragenesis includes four dissolution events responsible for 

Bethany Falls limestone porosity fonnation. It is likely that the first dissolution event was 

related to subaerial exposure and meteoric diagenesis at the end of Bethany Falls limestone 

deposition. Dissolution Event # 1 appears to have impacted only Bethany Falls limestone 

grainstone lithofacies. Cementation Event "B", the first cement to reduce secondary porosity 

in the Bethany Falls limestone, generally lines moldic and interparticle porosity in the Bethany 

Falls limestone grainstones. Galesburg shale deposition followed subaerial exposure and 

meteoric diagenesis indicating that Cementation Event "B" is also the result of meteoric 

diagenesis. Because Cementation Event "B'' is present in only the Bethany Falls grainstone 

lithofacies, it is likely that the observed secondary porosity in the packstone and wackestone 

lithologies did not develop from Dissolution Event # 1. 

Dissolution Event 2: Creation of Bethany Falls Secondary 
Porosity in the Grainstone, Packstone and Wackestone Lithofacies 

Dissolution Event #2 is related to subaerial exposure and meteoric diagenesis during 

Galesburg shale deposition. Dissolution Event #2 created secondary porosity in the Bethany 

Falls grainstones and underlying packstone and wackestone lithologies. Cementation Event 

"C", which followed Dissolution Event #2, is a ferroan calcite cement that reduces and fills 

secondary porosity in the Galesburg shale paleosol, Bethany Falls primary and secondary 

porosity in the grainstones and secondary porosity in the underlying packstone and wackestone 

lithologies. Cementation Event "C" is also a meteoric cement because it formed during and 
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after Galesburg shale deposition and subaerial exposure. However, cement #CS is truncated 

by a later dissolution event indicating a percentage of primary and secondary porosity must 

have remained open for the later diagenetic pore fluids. 

Dissolution Event 3: Minor Enhancement of Bethany Falls Secondary 
Porosity in the Grainstone Lithofacies? 

Dissolution Event #3 is interpreted to have occurred after deposition of the overlying 

Canville limestone. Dissolution Event #3 is a major diagenetic event that created Canville 

limestone and Galesburg shale moldic porosity. However, it is only a minor event that created 

secondary porosity in the upper one foot of the Bethany Falls grainstone lithofacies. 

Cementation Event "D" which followed Dissolution Event #3 consists of nonferroan 

calcite cement #C6 that reduces and fills moldic porosity in the Canville phylloid algal 

wackestones only. This cement is overlain by ferroan calcite cement #C7 that fills the same 

Canville limestone moldic pores and fractures. Cement #C7 is also observed filling Galesburg 

shale rhizoliths and moldic porosity in the upper one foot of the Bethany Falls grainstones. 

Cement #C7 has a strong ferroan stain and is observed filling fractures in the Canville 

limestone suggesting this cement was precipitated after burial and lithification of the Canville 

limestone. Because these two cements fill the same pores and there is no evidence that a 

dissolution event separates them they are lumped together as one cementation event. 

Assuming the distribution of Cementation Event "D" cements reflects filling of pores 

created by Dissolution Event #3, it is likely that this dissolution event followed burial of the 

Canville limestone by the Stark Shale and overlying lithologies.. This dissolution event created 

moldic porosity in the Canville limestone that extended down into the Galesburg shale and the 

upper one foot of the Bethany Falls limestone. Thus, it is interpreted that Dissolution Event #3 

is a minor Bethany Falls limestone diagenetic event that had a minor impact on Bethany Falls 

limestone reservoir. 
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Dissolution Event 4: Creation of Additional Bethany Falls Effective 
Porosity In The Grainstone, Packstone and Wackestone Lithofacies 

Dissolution Event #4 is interpreted to have occurred after deposition, burial and 

fracturing of the overlying Canville limestone and prior to forroan saddle dolomite cementation, 

Cementation Event E. Ferroan saddle dolomite cements reduce pores created or modified by 

Dissolution Event #4. These pores include: (1) primary and secondary pores in the Bethany 

Falls grainstone lithofacies, (2) secondary pores in the Bethany Falls packstone and 

wackestone lithofacies, (3) secondary pores in the overlying Canville limestone and Galesburg 

shale and (4) fracture pores in the Bethany Falls limestone, Galesburg shale and Canville 

limestone. Based on the distribution of ferroan saddle dolomite, Dissolution Event #4 is very 

different from prior dissolution events because Dissolution Event #4 created or enhanced 

porosity in all the cored intervals. This dissolution event is interpreted to be responsible for a 

majority of Bethany Falls limestone reservoir effective porosity because saddle dolomite is the 

only cement that reduces effective porosity in the Bethany Falls limestone reservoir. There are 

several lines of evidence for a fourth dissolution event: 

( 1) Cement #C7 which fills secondary pores created by Dissolution Event #3 in the Canville 

limestone, Galesburg shale and upper one foot of the Bethany Falls grainstone lithofacies is not 

present in the lower portions of the Bethany Falls limestone. 

(2) Cement #C7 is not overlain by dolomite #D 1 in the same secondary pores. Both cements 

are the only cements observed in the Canville limestone, Galesburg shale and Bethany Falls 

limestone. 

(3) Cementation Event E, ferroan saddle dolomite #Dl, is observed overlying cement #C5 in 

the same vug pores in the Bethany Falls limestone. Additionally, cement #C7 is observed 

alone in secondary pores of the Bethany Falls limestone. 

(4) Saddle Dolomite #D 1 is the only cement observed reducing effective porosity. Effective 

porosity was identified as pores filled with blue epoxy in thin-sections. 
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It is likely that the higher vug to moldic porosity ratio observed in the high 

permeability cores of the Bethany Falls reservoir is the result of enhancement of primary 

porosity and pre-existing moldic and vug porosity caused by Dissolution Event #4. There are 

two possibilities as to why creation and enhancement of effective porosity would likely occur 

in the thickest portions of the Bethany Falls grainstone sand shoals: (1) the thickest areas of the 

Bethany Falls carbonate sand shoals developed over a flexural zone that would likely produce 

fractures along the crest of the plunging anticline structure forming a conduit for migration of 

burial diagenetic fluids and (2) a higher percentage of primary interparticle porosity was 

preserved in the thick carbonate sand shoals which provide a higher volume of pores for burial 

diagenetic fluid migration. 

Fracturing: Enhancement of Bethany Falls Permeability 

Late stage fracturing caused by burial and compaction of the Bethany Falls limestone 

and formation of the Collier Flats field plunging anticlinal structure is a additional component 

to the late stage diagenetic fluids responsible for penneability enhancement in the Bethany 

Falls limestone reservoir. Fractures are filled by cements from Cementation Events "D" and 

"E". Open fractures are also observed truncating all cements and fabrics indicating fracturing 

occurred late in the diagenetic history of this reservoir. The impact of fracturing is quantified 

in core data because whole core analysis was used to obtain porosity and penneability data. 

Conclusions 

These observations and interpretations will provide the criteria for classifying and 

subdividing the entire Collier Flats field into high and low permeable zones. Each of these 

zones will require individual porosity, penneability and water saturation correlations. These 

correlations will allow reservoir characterization of the Collier Flats field which is essential for 

evaluating enhanced oil recovery potential and simulating primary oil production. 
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Sealing Fault 
Semi-sealing Fault 
Non-Sealin Fault 
Boundaries Genetic Units 
Permeability Zonation 
Within Genetic Units 
Baffles Within Genetic 
Units 
Lamination 
Cross-beddin 
Microscopic Heterogeneity 
Textural Types 
Mineralo 
Fracturing - Tight 
Fracturin - 0 en 
X - Strong Effect 

(X) - Moderate Effect 

X 
(X) 
(X) 
X 
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X 
X 
X 
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(X) 

(X) 

(X) 

(X) 
X 

X 
X 
X 
X 

X 

(X) 

X 

(X) 

(X) 

X 

X 
X 

X 
X 

(X) 
X 
X 

Table 5 .1: Significance of Reservoir Heterogeneity Type (modified after Weber, 1986). 

At some point during the development and management of an oil field, decisions are made on how 

to increase the life of a field through infill drilling, workovers, stimulation or implementing 

enhanced oil recovery technologies. Key to these activities is a reassessment of geological and 

engineering data to better understand and delineate reservoir heterogeneity. Reservoir heterogeneity 

is a possible cause for poor primary production perfonnance and failure of enhanced oil recovery 

projects. Reservoir heterogeneity is controlled by geological processes. Thus, various types and 

scales of reservoir heterogeneity can be inferred through combining geologic and reservoir 

engineering data to develop an integrated reservoir model. For the purpose of this investigation, 

this process is referred to as a reservoir characterization. 
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Research conducted by the Tertiary Oil Recovery Project (TORP) on analogous carbonate 

reservoirs to that present in the Collier Flats field have documented that low waterflood sweep 

efficiency is a typical problem encountered by independent operators. Low sweep efficiency has 

led to bypassing of significant amounts of petroleum and reduction of the economic life of Kansas 

oil fields (Schoeling et al., 1988). The following reservoir characterization is an attempt to provide 

the operators of the Collier Flats field and TORP with the best possible information to assess the 

potential for implementing enhanced oil recovery technologies to prolong the economic life of 

Collier Flats field. Additionally, it is hoped that the methodology and results of this reservoir 

characterization can be applied to other analogous Lansing-Kansas City carbonate reservoirs. 

Reservoir Characterization Methodology 

This reservoir characterization integrates depositional and diagenetic models with reservoir 

engineering data obtained from cores in the Collier Flats field. The objective of this reservoir 

characterization is to identify porosity and permeability distributions, revised water saturation data 

and reservoir heterogeneity. An accurate characterization of the porosity and permeability 

distribution is crucial to evaluating EOR potential and defining reservoir flow units for the Collier 

Flats field. In the Bethany Falls porosity and permeability development section, it is hypothesized 

that Bethany Falls limestone cores can be combined into two catagories, low and high average 

permeability, which are related to depositional and diagenetic processes: 

• Low average permeability cores (Porosity and Permeability Distribution #1) are restricted to 

the margins of grainstone shoals where carbonate diagenesis is responsible for effective 

porosity development. The relative percentage of open moldic vuggy porosity average 

approximately 2.8 to 1. 
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• High average penneability cores (Porosity and Permeability Distribution #2) are restricted to 

the thickest portions of the grainstone shoals where carbonate diagenesis is responsible for a 

majority of effective porosity development. The relative percentage of open moldic to vuggy 

porosity average approximately 1.3 to 1. 

These two porosity and penneability distributions are integrated with wireline well logs, 

production, drill stem tests and scout ticket data to identify trends and or relationships between 

general oil field data and the Collier Flats geological models. These correlations and relationships 

are used to verify and test the initial classification of all the wells in the Collier Flats field as either 

high or low average penneability based on the geologic models. Additionally, the cementation 

factor used in the Archie water saturation equation is modified to compensate for the high 

percentage of secondary porosity. This exercise will also better characterize Collier Flats pay-zone 

attributes leading to revised reserve estimates that will impact EOR economics. The following 

geologic and engineering data are integrated in this reservoir characterization: 

• Paleogeography Model 

• Porosity and Penneability Development 
Model 

• Core Descri tions 

• Well Lo s 

... ,., ........... ·.··········::·;··:··:::··:···::·::::·····::::··:=:=:._.::::::::::::·:·:;::::: ::::::;:;:::::::::::::::::::;:::: ,:;:::::::::;::;::•:·:· 

t!!::::::::::ioililul!i!!!I':? :::11:1:::::1:11111:::11:::::::::::1:, 

• Core Analysis: Porosity, Penneability & 

Water saturation 

• Reservoir Fluid Anal sis 

• Drill Stem Test and Other Pressure Data 

• Production 

• Reserves 

• Waterflood Feasibilit Anal sis 

Table 5.2: Reservoir characterization data sources. 
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Geologic Criteria Used For Oil Well Classification As High or Low 
Permeability 

The foundation for classifying Collier Flats oil wells as high or low permeability for this 

reservoir characterization is based on macroscopic observations of core analysis data correlated 

with well log data in the Lemon and Rhoades leases, sections 13 and 14, T34S, R20W (Figures 3.4 

& 3.5). Core observations show oil wells with high permeability correlates with: 

1111 a net thickness of lowest 12 API gamma-ray units (shoal water facies) greater than 6 feet, 

1111 and net thickness of porosity greater than I 0%, greater than 5 feet. (Figure 5 .2). 

This correlation shows that high porosity and permeability is confined to the thickest areas of the 

Bethany Falls grainstone shoals in the Lemon and Rhoades leases. Gamma-ray wireline well-log 

curves are presented with density porosity curves (Figures 5.3 & 5.4). The shape and deflection 

character of the gamma ray curves is used to corroborate initial classification of Collier Flats field 

oil wells based on gamma ray and density porosity isopach data (Figures 5.3 & 5.4). Net 

thickness of low gamma-ray facies, net thickness of porosity> 10% and gamma-ray log signatures 

provide quantitative criteria for classification of Collier Flats field oil wells as either high 

pem1eability wells (wells with high porosity and permeability, Table 4.5) or low permeability wells 

(wells with low to moderate porosity and low pem1eability, Table 4.3). This information is also 

correlated with the geologic models that interpret porosity and permeability development. Porosity 

and gamma-ray criteria used to classify Collier Flats oil wells are as follows: 

Net Thickness of Low 
Ga111ma-Ray Facies (Shoal 
Water Facies) 

~6 feet oflow gamma-ray facies 
(shoal water facies). 

s6 feet of low gamma-ray 
facies (shoal water facies). 

Table 5.3: Porosity, gamma-ray and geologic criteria used to classify Collier Flats oil wells. 
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Net Thickness of Porosity 
Greater Than I 0% 
Gamma-Ray Log 
Signatures 

Geologic Depositional 
Model 
Geologic Diagenetic Model 

Strong relative deflection to low 
gamma-ray values (0-30 API). 

Located in the center portion of 
the clean carbonate sand shoals. 
The thickest portions of the clean 
carbonate sand shoals were areas 
of intense carbonate dissolution 
and creation of secondary 
effective porosity. Moldic to vug 
porosity ratio is nearly 1.3: 1. 
The higher percentage of vuggy 
porosity increases overall 

ermeabilit . 

I '~-

I , 

k~· 
Minor deflection to low 

amrna-ra values (0-30 API). 
Located at the margins of the 
clean carbonate sand shoals. 
The margins of the clean 
carbonate sand shoals were 
areas of carbonate dissolution 
and creation of secondary 
effective porosity. Moldic to 
vug porosity ratio is greater 
than 2.8: 1. The higher 
percentage of moldic porosity 
decreases overall ermeabilit . 

Table 5 .3 Porosity, gamma-ray and geologic criteria used to classify Collier Flats oil wells 
(cont.). 

117 



Net Thickness of Well-Log Low Gamma-Ray Facies 
and Low and High Permeable Core Correlation 

A 

B 

Low gamma-ray isopach data obtained 
from well log gamma-ray curves ofthe 
lowest 12 AP! gamma-ray values. This 
data correlates with "clean" grainstone facies 
in the Bethany Falls limestone. 

Explanation 

• 

Areas of Highly Variable Porosity and Low 
Permeablity, Bethany Falls Limstone. 
Interpretation Based on Core Analysis Data 

Areas of High Porosity and High Permeablity, 
Bethany Falls Limstone. 
Interpretation Based on Core Analysis Data 

$ Low Gamma Ray Data Point 

Low Gamma Ray Isopach Lime 

A A' Cross Section Figure 5.3 

B-B' Cross Section Figure 5.4 

Net Thickness of Well-Log Density Porosity Greater Than 10% 
and Low and High Penneable Core Correlation 

Scele(inks) 
1/4 l/2 

Porosity data is derived from well log density porosity 
curves in the Bethany Falls limestone. 

Explanation 
Areas of Highly Variable Porosity and Low 
Permeablity, Bethany Falls Limstone. 
Interpretation Based on Core Analysis Data 

§ Areas of High Porosity and High Permeablity, 
Bethany Falls Limstone. 
Interpretation Based on Core Analysis Data 

8 
O Density Porosity !sopach Data Point 

Porosity Isopaoh Lime 

A-A' Cross Section Figure 5.3 

B B' Cross Section Figure 5.4 

Figure 5 .2 Correlation of core analysis data with: A) net thickness of the lowest 12 API 
gamma-ray units "Low Gamma Ray Facies" isopach map and B) net thickness of 
density porosity greater than 10% isopach map. 
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Porosity-Permeability Correlation 

Introduction 

In the Bethany Falls Limestone porosity and permeability development section of this 

thesis, core is characterized as either high or low permeability based on thin-section descriptions, 

core analysis, depositional and diagenetic models. Low permeability cores (Porosity and 

Permeability Distribution #1) are Bethany Falls oolitic and mixed oolitic-bioclastic grainstones 

restricted to the margins of the grains tone sand shoals. The relative percentage of moldic to vuggy 

porosity average approximately 2.8 : 1. 

High permeability cores (Porosity and Permeability Distribution #2) are Bethany Falls 

oolitic and mixed oolitic and bioclastic grainstones and underlying packstones restricted to the 

thickest portions of the grainstone sand shoals. The relative percentage of moldic to vuggy 

porosity average approximately 1.3 : 1. In both high and low permeability cores, vugs and 

natural fracturing are present enhancing permeability. In general, high permeability cores show a 

higher relative percentage of vugs that connect moldic porosity. 

Porosity-Permeability Distribution #1 

Cored wells included in the low permeability porosity / permeability distribution # 1 are the 

Lemon 7, Lemon 8, Lemon 9, Lemon 10 and Rhoades 1. The Lemon 2x and Lemon 4 cores were 

not included in the calculations because these cores are non-permeable and non-productive. 

Figure 5. 5 illustrates the relationship between porosity and permeability with a linear regression 

line. Porosity and pem1eability frequency histograms are presented to show porosity and 

penneability data distribution (Figures 5.6, 5.7). 

Whole core analysis horizontal permeability data for these low penneability wells clearly 

show how tight these porous intervals are with only six penneability data values over 3 md. 

Porosity and permeability histograms are clearly non-nonnal and regression analysis results in a 

low correlation coefficient (Figures 5.5-5.7). Therefore, the porosity and penneability relationship 
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for low penneability cores are intended to estimate overall average permeability for a oil well in the 

Collier Flats Oilfield. 
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y = 0.289857x + -1.07 4659 r = 0.303566 Whole Core Analysis 

Figure 5.5 Porosity and Permeability Distribution #1 (Low Penneability Wells). 
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Figure 5.6 Low Permeability Core Analysis Database (Porosity Frequency Histogram). 
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Permeability 7 
Frequency 
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4 

3 

2 

0 

Low Permeability Core Analysis Database 
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Permeability Intervals (md) 

Whole Core Analysis 

Figure 5.7 Low Pem1eability Core Analysis Data (Horizontal Permeability Frequency 
Histogram). 

Homer analysis permeability calculations for low permeability productive wells average 2-3 md. 

Effective porosity begins at eight percent which corresponds to several 1 md permeability intervals. 

Equation 5 .1 describes the linear regression line of core porosity and horizontal permeability in 

Figure 5 .5. This relationship is used in the "Reservoir Characterization Results" section to 

calculate average horizontal penneability using well-log based density porosity data for wells 

classified as low permeability in the Collier Flats Oilfield. 

Low Permeability Core (Linear Regression Equation) 

= 0.289857 * Porosit - 1.07 4659 

Vertical and horizontal permeability correlation show a nearly one to one relationship indicating 

that in this part of the reservoir, permeability is homogeneous (Figure 5.8). 

123 



V 
e 
r 
t 

p 
C 

I' 

m 
C 

a 
b 

t 
y 

24 

21 

18 

15 

12 

9 

6 

3 

0 

Low Permeability Core Analysis Database 
Vertical and Horizontal Permeability Cross-Plot 

I I 1111 
./ 
y - ,..V 

f--- Linear 
Regression ~/ 

f--- Cross-Plot 
/ 

/ 
/ 

/ • 
/. 

0 3 6 9 12 15 18 
Horiz. Permeability 

Linear Regression Formula Correlation Coefficient 
y = 1.060186x + -0.421637 r = 0.946735 Whole Core Analysis 

Figure 5.8 Low Permeability Core Analysis Data (Horizontal and Vertical Permeability 
Correlation) 

Porosity-Permeability Distribution #2 

Wells included in the high pem1eability porosity and permeability distribution #2 are the, 

Lemon 5, Lemon 6, Lemon 11, Rhoades 2 and Rhoades 3. There are two issues that will impact 

this porosity-pem1eability correlation: 

11 Oomoldic porosity has been identified 111 the oolitic grainstone lithofacies that cap the 

regressive Bethany Falls limestone. Based on limited whole core analysis data and thin-section 

observations, these intervals are typically very porous (greater than 20%) with low 

penneability due to a lack ofvuggy porosity (Tables 5.4 and 5.5). 

In the other Bethany Falls reservoir facies, there is a higher overall percentage of vuggy 

porosity and natural fractures enhance penneability. 

Generally a linear regression line is used to characterize porosity and penneability relationships in 

reservoir engineering studies. However, the Lemon 6 and Rhoades 2 cores show that as porosity 

mer eases permeability decreases in the oomoldic intervals of the Bethany Falls reservoir. 
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81-82 
82-83 20.7 8 
83-84 22.8 5.8 

4784-85 16.5 22.5 

4.2 
2.1 35 

7.4 

25 25 15 Mixed Oolitic & Bioclastic 
Grainstone 

4785-86 23.2 56 11 33 0 Bioclastic Grainstone :::...:.:::~-=---t---'----t----t----t---+----+---+---1 130 57 
4786-87 19.2 130 120 
4787-88 17.8 26.7 32.2 Fossiliferous Packstone 
4788-89 12 0 0 Fossiliferous W ackestone 
4789-90 19.7 280 280 17 50 33 0 Peloidal Packstone 
4791-91 12.4 0 0 Fossiliferous W ackestone 

Table 5 .4 Lemon 6 core porosity and permeability characterization. 
Pore type relative percentages are based on thin section estimates. Oolitic intervals at the top of 
the Bethany Falls limestone are very porous but with low permeability due to a higher relative 
percentage of oomoldic porosity. 
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4755-56 29.9 21.3 13.6 40 40 20 0 Oolitic Grainstone 
22.1 140 130 40 40 20 0 Oolitic and Bioclastic 
19.3 
22 
16.1 
16.5 
16.8 
15.2 
13.6 
10.3 

110 55.2 Grains tone 
300 125 17 50 33 0 
2.1 0 Fossiliferous Packstone 

-+----+----+---+-----+----+-----! 
51.6 32.8 
48.2 39.6 
56.1 31.2 20 40 40 0 
32.6 18.9 25 25 50 0 Fossiliferous Wackestone :...::..:..:=---+-=:..::.:.::...._+-=:.:._-+-=-=------+-.::....::..--1--=----l 
0 0 

Rhoades 2 core porosity and permeability characterization. 
Pore type relative percentages arc based on thin section estimates. Oolitic intervals at the top of 
the Bethany Falls ,limestone are very porous but with low permeability due to a higher relative 
percentage of moldic porosity. 

Permeability reduction in these highly porous oolitic intervals can be explained by the observed 

higher oomoldic to vug pore type ratio observed in thin section. 
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Porosity in oolitic grainstones of the Drum Limestone in Montgomery County Kansas in 

places exceed 50%. However, due to poorly connected oomoldic porosity, permeability for these 

oolitic grainstones are less than 0.5 millidarcy (Stone, 1984). In the case of the Bethany Falls 

reservoir, it is likely that fracturing and vuggy porosity may connect oomolds and their relative 

abundance is responsible for variable permeability (although low in general) in these oomoldic 

intervals. Thus, the Bethany Falls limestone reservoir porosity-penneability relationship can not 

be characterized using a single regression correlation. Figure 5. 9 illustrates the relationship 

between porosity and penneability using a 4th order polynomial regression correlation. 
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Figure 5.9 Porosity and Permeability Distribution #2 (High Permeability Wells). Two regression 
lines are plotted: 1) 4th Order Polynomial and 2) Linear regression. 

A linear regression line is also presented in Figure 5.9, (y = -4.495523x - 31.1850 r=0.45) 

shows that between 24 to 30 % porosity, permeability increases from approximately 80 to 110 

millidarcies. The 4th order polynomial regression correlation shows that pern1eability decreases in 

the 24-30% porosity range from approximately 105 to 10 millidarcies. Correlation coefficients 

for both regression lines are nearly identical and show that neither correlation is valid statistically. 

The penneability histogram also shows a non-normal distribution and regression analysis results in 
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a low correlation coefficient (Figure 5.11). Therefore, the porosity and permeability relationship 

for high permeability cores are intended to estimate overall average permeability for a oil well in 

the Collier Flats Oilfield. 

Equation 5.2 High Permeability Core ( 4th Order Polynomial Regression Equation) 

Permeability= -0.012923 + (-0.108177 *cp) + (- 0.647582 * cp2
) + (0.087309 * cp3

) 

+ (- 0.002196 * <p4
) 

Unfortunately, core is unavailable for the only two wells (Christian 1-11 and 2-11) where 

well-log density porosity in the upper 3 and 5 feet of the Bethany Falls limestone exceed 30%. 

Application of the proposed 4th order polynomial porosity-permeability regression equation results 

in negative pem1eability data indicating no pem1eability. There are two ways to resolve this issue: 

• Because no core data are available with porosity greater than 30%, intervals with porosity 

greater than 30% are set aside with no permeability data. 

• These two wells are located in an area were the net thickness low gamma ray facies and net 

thickness of porosity greater than 10% are the thickest in the field. It is likely that the upper 

few feet with porosity greater than 30% is a "clean" oolitic grainstone with oomoldic porosity. 

Based on the Lemon 6 core, permeability of the oolitic grainstone interval at the top of the 

Bethany Falls limestone (29% porosity and 10 md permeability). Thus, 10 md is used for 

intervals where porosity exceeds 30% for these two wells. 

The second option is used to resolve this issue for these two wells. 
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Permeability derived from Homer analysis calculations tend to support this correlation 

since DST permeability values averaged over an entire porous interval range between 20 and 60 

md (Tables 5.15-5.16). Effective porosity begins at 10 percent in the high permeability core data 

compared to 8 percent in low permeable cores. Vertical and horizontal permeability correlation 

shows vertical permeability is less than horizontal permeability in this part of the reservoir (Figure 

5.12). This indicates that natural fracturing is not a dominate component of permeability. 

Equation 5.2 describes the 4th order polynomial regression line of core porosity and horizontal 

pem1eability in Figure 5.9. This relationship is used in the "reservoir characterization results" 

section to calculate average horizontal permeability using well-log based density porosity data for 

wells classified as high penneability in the Collier Flats field. 
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Figure 5 .10 High Permeability Core Analysis Data (Porosity Frequency Histogram). 

The two Collier Flats field porosity-permeability distributions, supported by Drill Stem 

test analysis, show that there is a considerable permeability contrast between producing wells 

within a single genetic unit. The permeability contrast can be classified as a Type 3 reservoir 

heterogeneity, (Figure 5 .1 ), that will impact horizontal and vertical sweep efficiency along with 

residual oil saturation (Weber, 1986). 

128 



Permeability 
Frequency 

16 
re' ... ......... 

12 

8 

4 .; 
2 

1 1 

8 

High Permeability Core Analysis Database 
Permeability Frequency Histogram 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

c., ... ... -.., 8 permeabilty values are between 1-5 md 

... - 11 porosity values correspond to zero permeability 

2 
l 1 1 1 I 1 I 1 1 1 

0 
0 0 10 10 00 00 10 o~o 10 00 00 00 00 00 00 00 00 00 00 00 00 00 10 001 

5 15 25 35 45 55 65 75 85 95 105 115 125 135 145 155 165 175 185 195 205 215 225 235 245 255 265 275 285 295 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 

Penneability Intervals (md) 

Whole Core Analysis 

Figure 5 .11 High Permeability Core Analysis Data (Permeability Frequency Histogram). 
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Figure 5.12 High Permeability Core Analysis Data (Vertical and Horizontal Permeability 
Correlation). 
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Additionally, since the penneability contrast is related to the relative abundance of vug and moldic 

porosity it can also be classified as a Type 6 reservoir heterogeneity that will impact residual oil 

saturation and rock fluid interactions (Figure 5 .1). 

Conclusions 

Statistically, the proposed porosity and permeability correlations for low and high 

permeability wells are not valid. Frequency histogram data clearly show non-normal permeability 

distributions and low regression analysis correlation coefficients. However, classification of core 

as low and high permeability is based on depositional and diagenetic geologic models which is the 

first step in an attempt to characterize Collier Flats Oilfield porosity and permeability on a 

fieldwide scale. Therefore, the proposed porosity and pem1eability relationships are intended to 

characterize porosity and permeability on the genetic unit scale and not the inter-well or 

microscopic scale. 
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Intergranular or Intercrystalline Porosity 
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Water Saturation Characterization 

Introduction 

Water saturation 1s typically calculated 

with the Archie ( 1942) water saturation equation 

using log derived porosity and a measurement of 

formation resistivity. Asquith (1985) demonstrated 

that pore geometry affects the flow of electrical 

current through a rock and the Archie equation 

cementation exponent can be modified to account 

for fracture, intergranular, intercrystallinc, moldic 

and vuggy pore types (Figure 5.13). 

Figure 5 .13 Correlation of Cementation Exponent with 
Pore Types (Modified After Asquith, 1985). 

The fundamental difference between the two porosity-pem1eability distributions is based on the 

relative percentage of moldic and vuggy porosity. Thus, detem1ination of appropriate 

cementation factors for the Collier Flats Field will be essential to calculate accurate water 

saturation data. 

Determination of Cementation Exponents 

A Pickett plot of the log of porosity versus the log of deep resistivity (R1w, RLw or 

~ua,ct) is used in an attempt to identify cementation exponents for the two porosity-

penneability distributions. To constrnct a valid Pickett plot, there must be a well where 100% 

of the pore space is filled with connate water (water-wet well below the oil-water contact). 

Unfortunately, only 13 wells in the Collier Flats Field produce water from the Bethany Falls 

reservoir zone. 

131 



The Petro 11-1 and 11-3 wells were selected for Pickett plots since they both produced 

oil and water, were logged using the same well log suites, appeared to displayed a distinct 

water-oil contact, and are classified as a high and low permeability wells. 

Well Name: PETRO 11-J (High Permeability Well) Well Name: PETRO 11-1 0,owPermeabilityWcll) 

µ,:_00 --".---..'"a.a°'-1 DEPTH r--'"------~"'"'°"'-----=-i 
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Figure 5.14 Oil Wells With Distinct Oil-Water Contacts Used For Pickett Plots of Porosity 
Versus Resistivity. 
Petro 11-1 Initial Production, 57 BOPD and 96 BWPD. Petro 11-3 Initial Production, 400 
BOPD and 100 BWPD. Preliminary water saturation data was calculated to show where the 
potential oil/water contact is located. 

A Pickett crossplot is based on the following data: fonnation resistivity (Rrw), 

porosity, water saturation and cementation exponent "m". On a Pickett plot, a porous zone 

with constant water resistivity, cementation exponent and 100% water saturation will plot 

along a straight line if pore type does not change as porosity varies and there is no residual oil 

impacting resistivity measurements. The straight line trend represents water filled porosity 

and the slope of the straight line is equal to the cementation exponent (Asquith, 1982). This 

straight line should pass through the most south-western data points which should be water 

filled porosity (Asquith, 1982). 

The Terra Sciences TLOG module was used to constrnct the Pickett plots for both 

wells since the software can interactively generate a 100% water filled porosity-resistivity line 

based on a cementation factor and fonnation water resistivity (Figure 5.15 - 5.16). The 100% 

water filled porosity-resistivity lines for various cementation factors can then be compared 

with measured deep formation resistivity Riict (Figure 5 .15 - 5 .16). 
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Well Natne: PETRO 11-3 
Depth Interval: 4748.0to 4756.0 Resistivity Log:_ ILD 
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Figure 5 .15 Petro 11-3 Pickett Crossplot (High Penneability Well). 

Petro 11-3 and 11-1 Pickett plots use the following data: density porosity, deep induction 

resistivity and 0.044 ohms-meter @ 125° F formation water resistivity51 corrected to 

fom1ation temperature. Unfortunately, the shape of the Pickett plots indicate the lowest 

resistivity is likely associated with residual oil saturation since the lowest resistivity do not 

represent 100% water filled porosity (Watney, 1997, personal conununication). Both porosity-

resistivity plots do not show a well defined water-line. Porosity filled with 100% com1ate 

water should plot parallel to the theoretical water-lines based on cementation factors. 

Since Pickett plots based on wells with the best potential for detennining a cementation 

exponent (Petro 11-1 and 11-3) appear to be invalid for this purpose in the Collier Flats Field. 

Pickett plots are still useful in oil zones to examine conditions approaching irreducible water 

saturation and evidence for transition zones. 

5.1 Formation Water Resistivity is obtained from Henderson & Company Waterflood Feasibility 
Study for the Lemon Ranch and Rhoades Leases, 1981. 

133 



Well Narne: PETRO 11-1 
Deoth Interval: 4752.0 to 4756.0 Resistivity Log: ILD 
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Figure 5.16 Petro 11-1 Pickett Crossplot (Low Penneability Well). 

Core Analysis Water Saturation Data 

By the time a core sample has reached a laboratory for analysis, it has undergone 

significant changes from its original undisturbed state in the reservoir. First, drilling fluids 

usually invade a portion of the core and secondly; confining pressure is reduced when the core 

is brought to the surface. Water based coring fluids were used to obtain the Lemon and 

Rhoades cores which generally increase water saturation and lower hydrocarbon saturation 

(Gatlin, 1960, Core Lab, 1976) (Figure 5 .17). Figure 5 .17 illustrate the major process that 

occur in a core for the three phases when it is brought to the surface for an oil productive 

formation cored with water based mud. 
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In the best case scenario, unflushed core 

water saturation will be the same at the 

surface and the reservoir. In a badly flushed 

core, surface calculated water saturation data 

can be misleading. An indicator of invasion 

and flushing is caliper curve data that 

identifies mudcake buildup on the borehole 

walls. Assuming minor invasion, the value 

of core analysis water saturation data is it 

will provide an upper limit on estimates of 

water saturation using the Archie water 

saturation equation. 

Figure 5 .17 Typical Fluid Contents From Reservoir 
Conditions to Surface, Oil Productive Reservoir, 
(Core Labs, 1976). 

Cementation Exponent Evaluation 

Theoretical water saturation data for low and high penneability cores were calculated 

usmg core porosity, well-log derived deep induction resistivity and various cementation 

exponents m=2.0, 2.5 and 3.0) (Table 5.6). This data was then compared with core analysis 

water saturation data. This exercise is an attempt to determine if the 2. 0 cementation 

exponent used in the Archie water saturation equation needs adjustment to better characterize 

water saturation in the Bethany Falls limestone reservoir. 
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Low Perm. Core Sw Sw Core High Perm. Core Sw Sw Sw Core 
Wells Porosity m=2.0 m=2.5 Sw Wells Porosity m=2.0 m=2.5 m=3.0 Sw 

Lemon 10 22 10 15 17 Rhoades 3 11 21 37 65 34 
No Caliper 25 10 14 18 0.25-.033" 15 17 28 46 27 

Data 19 8 12 13 Mudcake 20 12 20 30 32 
15 15 25 34 23 11 16 23 22 

Lem 10 Ave. 20 11 17 21 Invasion 18 16 25 39 19 
Lemon 7 11 35 60 58 11 25 43 75 27 

0. ]" 22 13 19 34 12 23 40 68 25 
Mudcake 24 11 15 26 10 31 55 98 27 

Minor 22 11 16 31 Rho3 Ave. 15 20 33 56 27 
Invasion 22 11 16 31 Rhoades 2 30 5 6 8 15 

Lem 7 Ave. 20 16 25 36 0.1-0.2" 22 7 10 15 22 
Rhoades 1 11 20 35 31 Mudcake 19 8 12 18 24 
0.25-0.33" 16 13 20 19 Modest 22 7 11 16 19 
Mudcake 14 15 25 18 Invasion 16 11 17 27 24 
Modest 10 29 51 27 17 9 14 23 28 
Invasion 10 33 59 27 17 12 18 29 25 

Rho] Ave. 12 22 38 24 Rho2 Ave. 20 10 13 24 23 
Lemon 6 30 6 8 11 30 

0.1" 21 7 11 16 28 
Mudcake 23 8 11 16 27 

Minor 17 11 17 26 40 
Invasion 23 8 11 16 19 

19 9 14 21 21 
18 12 18 27 25 
12 14 24 41 20 
20 15 22 33 19 
12 25 42 71 23 

Lem6 Ave. 20 12 18 28 25 

Table 5 .6 Smm11ary of calculated water saturation data based on vanous cementation 
exponent data. 

Water saturation values derived from low permeability cores with Porosity and 

Pem1eability Distribution #1 average approximately 24% (Table 5.6). There appears to be 

some invasion in the cores based on the caliper data over the cored intervals (Table 5.6). This 

indicates that the 24% core analysis average water saturation can be considered as the upper 

limit of water saturation at reservoir conditions. 
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Water saturation calculations based on a 2.5 cementation factor for the low permeable 

cores (Table 5.6) results in values that are 4-9% less than those of core analysis. The 

exception is the Rhoades l core where all calculated water saturation data using m=2.5 ts 

greater than the core analysis results. 

For porous zones in the Rhoades 1 core (greater than 10%), the calculated water 

saturation values using m=2.5 are only a few percentage points above the core analysis values. 

The bottom two feet of the Rhoades 1 core show calculated water saturation values too high 

even using a conventional cementation factor of m=2.0. Thus, all calculated water saturation 

data for this core are likely biased high. Potential errors in measured deep induction 

resistivity data can be attributed to mud filtrate invasion effects indicated by the presence of a 

0.25-0.33" mudcake. 

Water saturation calculations based on a cementation factor of m=2.0 for the low 

penneable cores (Table 5 .6) results in values that are 10-20% less than those of core analysis. 

Based on water saturation data from the Lemon 10 and Lemon 7 core, the 2.5 cementation 

factor proposed for the low pem1eable cores appears to be a good approximation of the upper 

limit of actual reservoir water saturation based on a good agreement with core analysis water 

saturation data. 

Water saturation measured in high permeability cores also average 25 %. There 

appears to be some invasion in the cores based on the caliper data over the cored intervals. 

This indicates that a core analysis average water saturation value of 25% is actually a little 

less at reservoir conditions. Thus as in the low penneability core example, 25% water 

saturation is also a good approximation of the upper limit that can be used to constrain the 

Archie based water saturation calculation. 

Analysis of well-logs derived water saturation data in high permeable cores using a 3. 0 

cementation factor appears to produce satisfactory water saturation values in intervals with 

porosity greater than 19% (Table 5 .6). 
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In intervals with porosity less than 19% for the high permeability cores Rhoades 2 and Lemon 

6 cores, well-log based calculations of water saturation values using a 2.5 cementation factor 

generally agree with core analysis based water saturation. 

The Rhoades 3 core is an exception where all intervals with less than 20% porosity 

have well-log calculated water saturations that exceed core analysis results by 20-40%. 

Water saturation calculated using a 2.0 cementation factor are actually closer to the results 

from core analysis. Thus, it is likely that all calculated water saturation data for this core is 

likely biased high. As with the Rhoades 1 core, potential errors in measured deep induction 

resistivity data can be attributed to mud filtrate invasion effects. 

It has been documented that the pore system in the Bethany Falls reservoir consists of 

moldic, vug, microvug and interparticle porosity. Since the Archie equation uses a 

cementation factor of 2. 0 which is based on interparticle porosity, this cementation factor must 

be adjusted to compensate for the moldic and vug dominated pore system in the Bethany Falls 

limestone reservoir. Table 5.6 shows that using the 2.5 cementation factor for intervals where 

porosity is less than 20% and a 3. 0 cementation factor for intervals with porosity greater than 

20% is a good approximation of the upper limits of the Bethany Falls limestone reservoir water 

saturation. 

Core Porosity and Well Log Porosity Correlation 

Application of the porosity-penneability and water saturation models require accurate 

porosity data. Since core data are not available for the entire Field, the only other source for 

porosity data is wireline well log density, neutron and sonic. In the Collier Flats Field, the 

following wireline well logging companies have logged wells; Dresser Atlas, Schlumberger, 

Wellex, Gearhart and Petro. These companies typically used compensated neutron and density 

wireline logs in the more recent wells which provide the best possible porosity data. 
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In older wells, neutron logs were run which typically recorded formation responses in API 

neutron units that were not converted into limestone porosity units. Sonic porosity data is only 

available for a few wells. Density wireline logs record API density units which is always 

converted to and presented as bulk density (grams per cubic centimeter). Thus, density data 

presents the most consistent Field wide porosity data source. 

Wireline density logs measure bulk density while neutron logs measure fluid filled 

porosity (Dresser Atlas, 1974; Schlumberger, 1984). Bulk density is converted to density 

porosity using the following equation: ~o = (Pma - Pb / Pma - pt) where Pma = matrix 

density, Pb= bulk density from density log and Pr= pore fluid density (Dresser Atlas, 1974; 

Schlumberger, 1984). Compensated density data are corrected for mud cake density and bore-

hole rugosity as the log is nm. Additionally, a density correction curve shows the amount of 

correction that is applied to the raw bulk density data. Porosity data derived from the density 

porosity is total porosity including effective and noneffective porosity as with core porosity 

data. In the case of the Collier Flats Field, noneffective porosity may include oomoldic 

porosity. Thus, density porosity is analogous to whole core analysis porosity data since whole 

core analysis also measures total porosity. 

Wireline neutron logs measure fluid filled porosity including water, hydrocarbons and 

gas. Compensated neutron logs have been designed such that enviromnental effects such as 

hole size, mud weight, mud cake, stand-off and reservoir fluids are greatly reduced. Older 

conventional and sidewall epithem1al neutron logs need enviromnental corrections and some 

type of conversion from API neutron units to limestone porosity. Additionally, neutron logs 

are affected by lithology, light hydrocarbons or gas filled porosity. Thus, there are many more 

uncertainties involved using neutron logs alone to detennine an accurate porosity value. 
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Neutron logs were only used when density porosity was not available. Calibration tails and 

repeat sections are usually appended to the final log run so they can be compared with the final 

log data. Porosity variations greater than 3 % between the repeat section and the final logging 

data indicate problems with a logging tool and questionable data. Figures 5 .18 and 5 .19 

illustrate porosity logs with poor and good matches between the calibration tails and the final 

well log data. 

Correlation of density and neutron porosity data with core analysis porosity data 

clearly show the impact of improperly run, calibrated and/or witnessed wireline logging. Initial 

correlation of wireline and core porosity data show 4-6% lower values for the wireline density 

porosity data (Lemon 5,6,7,10,11, Rhoades 2,1) (Appendix B). Lemon 2x,4,8 and Rhoades 3 

show a good correlation between density porosity and core analysis porosity (Appendix B). 

Calibration tails showed a good match between initial and final well log runs. For Lemon 

5,6,7 and Rhoades 1,2, core analysis porosity data is 3-5% higher than density porosity data 

(Appendix B). Calibration tails showed a poor match between initial and final well log runs. 

A correlation between whole core porosity and wireline density porosity is not possible 

due to the poor density porosity log quality where core is available. It is important to note 

where core is available (Lemon and Rhoades leases), density porosity log quality was generally 

poor. These wells were all logged by Welex. Because a valid correlation of core porosity 

with density porosity is not possible, density porosity data is used for the porosity-pem1eability 

and water saturation correlation in areas without core. 

Well Log Normalization 

Poor correlation between core and density porosity data calls for some type of log 

normalization using statistical methods to correct errors caused by inaccurate tool calibration 

and variations oflog data between service companies (Hunt E., Aly A. and Pursell D., 1996). 
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Prior to performing any type of log normalization, well log database editing is required. Well 

log database editing includes 1) identifying and performing depth corrections to individual well 

log curves and 2) performing environmental corrections. 

The presence of the Stark Shale above the reservoir zone, allows for depth corrections 

since the ganm1a ray, density, neutron and resistivity curves all have a predictable reaction to 

the shale lithologies. Environmental corrections were perfonned on all resistivity well log 

suites (Schlumberger, Dresser Atlas, Welex and Gearhart) using Terrastation TLOG modules 

which account for borehole size, mgosity, mud weight, mud filtrate resistivity, mud salinity, 

temperature and tool standoff. The only exceptions are pre 1970's electric logs that consist 

of deep guard or laterologs and Welex deep guard logs where no charts were available to 

perform environmental corrections. 
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Figure 5 .18 Examples of bulk density and density porosity curves and repeat sections over the 
same intervals. Inital logging repeat sections do not correlate with final wireline log data. These 
types of errors lead to questioning of the density porosity data. 
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Figure 5 .19 Examples of bulk density and density porosity curves and repeat sections over the 
same intervals. Initial logging repeat section does correlate with the final log data. 
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Drill Stem Test Pressure Data 
Pressure Data Sources And Initial Observations 

Core analysis data clearly demonstrate a significant contrast in permeability exists in 

the Bethany Falls limestone reservoir. This contrast should be detected by reservoir 

performance data including pressure transient tests and initial oil flow rates. Reservoir 

performance can be assessed through: 

• Initial Fluid Production (IPOIL & IPGAS), 

• Drillstem Test shut-in pressure data (ISIP & FSIP), 

• Drillstem Test flow pressures, 

• and drilling characteristics such as lost circulation and drilling breaks. 

This infonnation can further corroborate initial geologic classification of Collier Flats Field oil 

wells. Initial fluid production, transient pressure data and drilling characteristics are available 

from these sources: 

• Scout Ticket data, 

• 14 wells with complete DST test data 

• drillers logs and reports. 

Drill Stem Tests (DST) record pressure build-up responses in the well bore which can provide 

valuable infonnation on fonnation parameters that are used to assess potential for future 

production. Pressure build-up analysis and DST chart analysis were perfonned when the data 

was available. However, complete DST pressure data including pressure charts are 

unavailable for most wells. Initial and final shut-in pressure data are reported on scout tickets 

and exist for a majority of oil wells in the Collier Flats Field. This data was used to investigate 

its potential to test initial geologic classification of the oil wells in the Collier Flats Field. 
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The following initial oil production (IPOIL) and final shut-in pressure (FSIP) are 

correlated with core data and well logs for the Lemon and Rhoades leases: 

High Permeability Oil Wells Low Permeability Oil Wells 
(based on geologic criteria) (based on geologic criteria) 

Well Name ipoil ffp fsip ave ave Well Name ipoil ffp fsip ave 
bopd psig psig ~3 (k)4 bopd psig psig ~3 

LEMON 1 288 455 1833 155 246 LEMON? 84 77 1695 16 
LEMONS 240 68 1700 22 35 LEMON 10 40 117 1524 22 
LEMON6 264 243 1741 I 19 61 LEMON 8 115 67 1498 10 
LEMON 3 170 85 173?1 15 5 326 RHOADES! 48 50 1495 14 

RHOADES 3 156 140 1689 1 16 17 RHOADES4 172 237 1735 16 
RHOADES2 96 554 1693 19 79 LEMON2-X 48 208 779 7 
LEMON 11 22 160 1823 145 306 HACKN'Y 2-13 76 88 1415 245 

LEMON 1-26 9 252 1404 115 

LEMON 9 216 21 1737 165 

average 177 244 1745 17 40 average 90 124 1476 15 

1 - ISIP (initial shut-in pressure data) 
2 - gas cap well (excluded from average and std. deviation computations) 
3 - weighted average (2 foot intervals) of core porosity data 
4 - weighted average (2 foot intervals) of core horizontal permeability data 
5 - weighted average (2 foot intervals) of well-log derived porosity data 
6 - weighted average (2 foot intervals) of well-log derived permeability data 

Table 5.7 Initial oil production (IPOIL), final shut-in pressure (FSIP), final flowing pressure 
(FFP), porosity(<\>), permeability (k) are correlated with core data and well logs for the Lemon 
and Rhoades leases. 

Final shut-in pressure for high permeability wells average 17 49 psi which is significantly 

different from the 1457 psi average for low penneability wells. Unfortunately, DST build-up 

data for the cored wells are unavailable to verify if FSIP and IPOIL are related to 

pem1eability. 

Homer (1951) developed the basic equation (Equation 5.3) used for analysis of 

drillstem test data. The equation relates pressure behavior in an infinite, homogeneous, one 

well reservoir containing a fluid of small constant compressibility. These assumptions have 

been applied to newly completed oil reservoirs above the bubble point and expressed in oil field 
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units of pounds per square inch gauge (psig) , stock tank barrels per day (STB/D), centipoise 

(cp.), millidarcy (md), feet (ft) and minutes (t). 

Equation 5.3 Homer Equation 

quB (t + L'-t) Pws = P· -162.6-log --
• 

1 
kh L'-t from Homer I 951 ' . 

Pws = fonnation pressure during build - up (psig) 

p. = shut - in reservoir pressure (psig) 
1 

q = average production rate (stock tank barrels / day) 

u = oil viscosity ( centipoise) 

B = fonnation volume factor (reservoir barrels / stock tank barrels) 

k = penneability (milldarcies) 

h = net DST zone (feet) 

t = Hawing time (minutes) 

Dt = shut - in time (minutes) 

The Homer equation can be simplified to equation 5 .4 where "M" is defined as the slope of a 

straight line that describes "P ws" versus "log (t + L-.t / t-.t) on semi-log paper. 

Equation 5 .4: Horner Equation Modification 

p = p. - Mlog( t + flt) 
WS I M from Horner, 1951. 

where M = 162.6 QuB / kh and 

the slope of the line in (psi / cycle) 

on a semi - log plot. 
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Once "M" is identified from a semi-log plot, penneability is derived by rearranging the 

equation as follows: k h = ((162.6 Q u B) IM) and solving for "k". In the Collier Flats Field, 

there are 14 wells where complete DST data are available including wells previously classified 

as low and high penneability wells. Drill Stem Test pressure analysis on those 14 wells shows 

that Final Shut In Pressure (FSIP) is can be related to permeability and supports the initial oil 

well classification based on the geologic models. 

Drillstem Test Analysis 

Drillstem tests are essentially a temporary open hole completion of a potential 

reservoir to detem1ine the possibility of conunercial production by virtue of the fluids 

recovered and observed flow rates. In addition to a sample of reservoir fluids and their flow 

rates, static bottom hole pressure, flowing bottom hole pressure and short tern1 pressure 

transient data are obtained from the drillstem test. The testing procedure records the 

following pressure data as a function of time: I )initial hydrostatic mud pressure, 2)first initial 

flowing pressure, 3) first final flowing pressure, 4) initial shut-in pressure, 5) second initial 

flowing pressure, 6) second final flowing pressure, 7) final shut-in pressure and 8) final 

hydrostatic mud pressure (Figure 5.20). These pressures and recovered fluids are typically 

recorded on scout ticket fonns and are available for a majority of the wells in the Collier Flats 

Field. There are 14 wells with complete Drill Stem Test data that include pressure data as a 

function of time describing pressure changes during first and second flow periods and pressure 

buildup between points (three & four) and points (six & seven) (Figure 5 .20). Transient 

pressure data allows Drill Stem Test analysis using the Homer Method to calculate 

pem1eability and evaluate pressure data (Appendix D). Unfortunately, none of the wells with 

DST data have core data (Figure 5.21). 
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Figure 5.20 DST Pressure Buildup Chart displaying reported pressure data. 

Horner Analysis Methodology: Selzer 1-35 DST Data 

200 

The first step in the Homer analysis is to construct a Homer plot to determine the 

slope of a line that describes initial and final pressure buildup data versus Homer time on a 

semi-log plot. Horner time, (tp +.6.t/ .6.t), is calculated individually for the initial and final 

pressure buildup data. Homer time for the initial buildup plot is calculated as follows: tp = 

first flow period time and .6.t = is the time interval between initial pressure buildup 

measurements. Homer time for the final buildup is calculated as follows: tp = second flow 

period time and .6.t = is the time interval between final pressure buildup measurements (Figure 

5.22). 

Several pieces of information are obtained from a Homer Plot: 1) "M"; slope of the 

final pressure buildup use to calculate permeability, 2) "Pi" an estimate of initial reservoir 

pressure and 3) "P 1 hr" an estimate of the pressure 1 hour into the final buildup used in 

calculating wellbore damage (Figure 5 .22). The second step in the Horner analysis is to 

calculate an average production rate based on the fluids recovered during the DST test. Table 

5.8 shows DST data and methodology used to calculate average fluid production rate. 
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Figure 5 .22 Sample Horner Plot of initial and final pressure build-up data. 

Selzer 1-35 DST Average Fluid Production Rate Calculation 
Data Type Data Value Data Source 

Drill Collar Length 510 ft. DST Header 
Drill Collar I.D. 2.25 in. DST Header 
Drill Collar Volume 0.0049 bbl./ft. Halliburton Cementing Table 
Drill Pipe Length 4183 ft. DST Header 
Drill Pipe I.D. 3.8 in. DST Header 
Drill Pipe Volume 0.0142 bbl./ft. Halliburton Cementing Table 
Total Flowing Time - "T" I Initial Flow 30 min; Final Flow 15 min I DST Header 
Total Fluid Recovery I 120 ft. ogcm & 1500 ft. go== 1620 ft. of fluid I DST Recovery Section 
Fluid recovered in drill collar 510 ft. * 0.0049 bbl./ft. == 2.5 bbls. 
Fluid recovered in drill pipe 1110 ft* 0.0142 bbl./ft. = 15.8 bbls. 
Total Fluid Rate (BFPD) [2.5 bbls. + 15.8 bbls.]*[1440 (min/day)/ 45 min. (Total 

Production Time)]== 585 BFPD 

Table 5.8 Average Fluid Production Rate Calculation. 

Calculation of average fluid production rate is at best an approximation due to many factors 

including; errors in measurements of flow-period length, drill collar measurements, types of 

fluids recovered and decompression of fluids in the well bore from hydrostatic (2268 psig) to 

reservoir pressures (1800 psig). 
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Selzer 1-35 DST Avera e Permeabilit Calculation 
Data T e 

Average Fluid Production Rate 
"Q" 

Oil Viscosity"µ" 

Formation Volume Factor "B" 

Data Value 
585 BFPD 

Data Source 
Average fluid production 
rate calculation. 

0.389 centipoise @ 1695 psig Henderson & Co. 1981. 
and 125 F• 
1.49 RB/STB @ 1695 psig and Henderson & Co. 1981. 
125 F• 

Slo e ofFSIP Buildu "M" 150 si./cycle Homer Plot. 
DST Interval (porous interval) 12 ft. Well log analysis 
"h" 
Average Permeability "k" [(162.6 * 585 BOPD * .52 cp. * 1.49 (RB/STB))/ (150 

( si/cycle)* 12 ft)] = 31 md. 
Table 5. 9 Average permeability calculation. 

The third step in the Homer analysis is a calculation of pem1eability based on equation 5 .4 

k = [(162.6 QµB)/(Mh)] (Table 5.9). 

Henderson & Company perfom1ed a waterflood feasibility study on the Lemon Ranch 

and Rhoades leases in 1981. This study included calculating a fonnation volume factor and oil 

viscosity based on a reservoir fluid analysis of the Lemon 6 well. This data is used in all DST 

calculations. Calculation of permeability is fairly straight forward, however, interpretation of 

the results is complicated by variations in build-up time, wellbore damage and improvement 

effects. 

Wellbore damage and improvement effects are expressed in tenm of a "skin factor" 

"S" which is positive for wells with fonnation damage and negative for improvement in the 

wellbore. The skin factor can vary from -5 for a fractured well and +oo for a damaged well 

(Earlougher, 1977). 

The skin factor of 5.95 indicates that there is well bore damage that inhibits flow into 

the wellbore (Table 5.10). Wellbore damage impacts Homer pem1eability and average oil 

production rate calculations by reducing total feet of reservoir fluids recovered during the DST 

flow periods. 
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Selzer 1-35 DST Skin Factor Calculation 
Data Type Data Value Data Source 

FSIP @ 1 hour - P11u 1779 psig Extrapolated from Horner 
straight line. 

FSIP@ Llt = 0 - Pwr 344 psig DST Data 
Slope of Horner Line - M 150 psi/cycle Extrapolated from Horner 

straight line. 
Second Flow Production Time - 0.25 hours DST Data 
Tp 
Horner Permeability - k 31 md DST Ave. Perm. Calculation 
Porosity - ¢ 0.25 Log Analysis 
Oil Viscosity - ~t 0.389 cp Henderson & Co., 1981 
Oil Compressibility - Cr l.39E-05 Henderson & Co., 1981 
Well Bore Radius - Rw2 0.33 ft. DST Data 
Skin Factor - s 

s = 5.95 s = 1.1513 * [ p1h, - pwf(ht • 0) + logcp + I)-1og(-k-,) + 3.2275] 
M tp ¢µc,rw 

Table 5 .10 Selzer 1-35 DST Skin Factor Calculation. 

Discussion of Selzer 1-35 DST Analysis Example 

Drillstem test analysis data provide an opportunity to test initial classification of the 

Selzer 1-35 and others as high or low permeability oil wells based on the geologic models and 

well log signatures. However, bad hole conditions, tool malfunctions and inaccurate flow 

measurements can render DST data questionable to unusable. It is therefore important to 

perform DST quality checks. Hydrostatic pressure calculations, theoretical flow recovery 

calculations, DST chart characteristics and remarks noted on the DST fonns are used to 

quality check DST data. 
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Selzer 1-35 DST Hydrostatic Pressure Quality Check Calculation 
Data Tvne Data Value Data Source 

DST Gauge Depth 4772 ft DST Header 
Mud Weight 9.2 lb/gal DST Header 
(lb/cu ft) to (lb/gal) conversion 7.4805 (lb/ cu ft)/ (lb/ gal) Conversion Tables 
Water Density 62.3664 lb/ cu ft Conversion Tables 
Water Gradient 0.4331 IPSi/ ft Conversion Tables 

Hydrostatic Pressure Equation = (Gauge Depth)*(Mud wt)* 7.4805 * (.4331 / 62.3664) 

Calculated hydrostatic pressure 2280 lpsig Eauation 
Initial Hydrostatic Pressure 2255 IPsig DST Header 
Final Hydrostatic Pressure 2268 psig DST Header 

Table 5 .11 Selzer 1-35 DST Hydrostatic Pressure Quality Check Calculation. 

The first test of DST data is a simple calculation of hydrostatic pressure which should 

identify DST tool leaks. Table 5 .11 shows the data and equation used to calculate DST 

hydrostatic pressure. The difference between Selzer 1-35 calculated and measured hydrostatic 

pressures is approximately 1 percent. The difference between initial and final measured 

hydrostatic pressure is also approximately 1 percent. Deviations in the range of 0.5 to 1 

percent are indicative of good DST pressure data (Earlougher, 1977). 

Table 5.12 shows the data and equation used to calculate theoretical fluid recoveries 

based on final flow pressures. This inforn1ation can be compared to actual DST recovered 

fluids to get a feel for well bore damage and fluid recovery. 

Selzer 1-35 DST Theoretical Fluid Recovery Calculations 
Data Tvue Data Value Data Source 

First Final Flow Pressure 280 IPsig DST Header 
Mud Weight 9.2 lb/gal DST Header 
(lb/cu ft) to (lb/gal) conversion 7.4805 (lb/cu ft)/(lb/gal) Conversion Tables 
Water Density 62.3664 lb/ cu ft Conversion Tables 
Water Gradient 0.4331 Jpsi/ ft Conversion Tables 
Theoretical first Flow Fluid 
Recovery (mud only) = (1st Flow Pres)/[(Mud wt)* 7.4805 * (0.4331 / 62.3664)] 
Calculated Theoretical First 585 ft of mud Equation 
Flow Fluid Recovery (mud 
onlv) 

Table 5.12 Selzer 1-35 DST Theoretical Fluid Recovery Calculations. 
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Data Type Data Value Data Source 
Second Final Flow Pressure 344 IPSig DST Header 
Oil Weight 6.68 lb/gal Based on (0.8 g/cm"'3 oil 

specific gravity) *(8.345405 
(gm/cm)/ (lb/gal)) conversion 

(lb/cu ft) to (lb/gal) conversion 7.4805 (lb/cu ft)/(lb/gal) Conversion Tables 
Water Density 62.3664 lb/ cu ft Conversion Tables 
Oil Gradient 0.35 psi/ ft Conversion Tables 
Theoretical Second Flow Fluid 
Recovery (oil only) = (2nd Flow 

Pres)/[(oil wt)* 
7.4805 * (0.35 / 
62.3664)] 

Calculated Theoretical Second 1240 ft of oil Equation 
Flow Fluid Recovery (oil only) 

Table 5.12 Cont.: Selzer 1-35 DST Theoretical Fluid Recovery Calculations. 

In the Selzer 1-35 DST test header, only 120 feet of oil and gas cut mud was reported and a 

"well flowed oil" notation. Assuming that the first flow period flowed 5 85 feet of mud and the 

second flow period flowed 1240 feet of oil totaling 1825 feet of fluids, a reported value of 120 

feet of oil and gas cut mud appears very questionable. In a drilling report on the Selzer 1-35, it 

is noted that 1500 ft of gassy oil was reversed out of the pipe for a total of 1620 feet of 

reservoir fluids. 

A third way to check DST data is visual inspection of DST charts. Good DST charts 

typically have the following characteristics: 

• pressure base line is straight, 

• recorded initial and final hydrostatic pressures are nearly identical and are consistent with 

depth and mud weight, 

• and flow and pressure build-up pressures plot as a smooth curve (Earlougher, 1977). 

Earlougher (1977) published fourteen DST charts that illustrate the effects of bad hole 

conditions, tool malfunctions and other difficulties on DST pressure charts. 
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In the case of the Selzer 1-35 oil well, conventional analysis of DST pressure data can 

be used to test the geologic models for the Collier Flats Field used to classify oil wells as either 

high or low permeability (Table 5.14). The Selzer 1-35 oil well is located in an area where the 

net feet of porosity greater than 10% is seven feet and net thickness of low gamma-ray facies is 

six feet. Additionally, porosity appears to cross lithologic boundaries from the "clean" 

grainstones down into the mud supported lithologics defined by gamma-ray well log signatures. 

Using the high pcnncability porosity-permeability correlation (Equation 5 .2), average 

penncability for a seven foot interval of porosity greater than 10% is estimated at 5 8 md. A 

10% porosity cutoff is used since whole core analysis data show effective porosity begins at 

10%. Homer permeability is calculated as 31 md with a skin factor of 5.95 indicating that 

there is some well bore damage that reduces average permeability for the well. Calculated 

hydrostatic pressures, theoretical fluid recoveries and visual inspection of the DST pressure 

chart all indicate that the DST pressure data is sound. Initial oil production was 241 BO PD 

with 385 MCFPD of associated gas from a perforated interval of 4758 to 4763 feet. Selzer 1-

35 production data is reported by lease with three other wells. Therefore, production data can 

not be used as an additional independent reservoir performance criteria to test geologic 

interpretations due to this commingling of production. 

Discussion of Other DST Results 

Initial classification of the 14 wells with DST data is presented in Tables 5 .13 and 

5 .14 with their locations presented in Figure 5 .21. Additionally, Collier Flats Field net feet of 

porosity greater than 10%, (Figure 5.23), and net feet of low gamma-ray facies (Figure 5.24) 

isopach maps arc referenced to aid in the discussion of DST analysis results. 
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Initial Geologic Classification of Wells W/ DST Data 
(Low Permeability Oil Wells) 

Well Name IPOIL IPGAS LOW- POR AVE- Well Location 
GR >10% POR Relative To Sand Shoals 

Marlene 1-23 0 0 4 2 11 Well located south of the southern 
margin of carbonate sand shoal. 

Girk 1 54 160 4 3 12 Well located on the southern 
margin of northern carbonate sand 
shoal behind main sand shoal. 

Selzer 3-2 123 192 5 3 12 Well located in the main carbonate 
sand shoal between thicker more 
1porous zones. 

Selzer 9-2 7 NIA 5 6 14 Well located on the seaward 
margin of main carbonate sand 
shoal. 

Selzer 3-34 280 450 6 4 17 Well located on the seaward 
margin of main sand shoal. 

Selzer 4-35 0 0 5 2 15 Well located on the seaward 
margin of main carbonate sand 
shoal. 

Selzer 2-35 0 0 5 4 17 Well located in the main carbonate 
sand shoal. 

Hackney 2-13 76 NIA 5 4 24 Well located leeward margin of 
main carbonate sand shoal. 

Table 5.13 Initial Classification of Wells W/ DST Data (Low Permeability Oil Wells). 

Initial Geologic Classification of Wells W/ DST Data 
(High Permeabilitv Oil Wells) 

Well Name IPOIL IPGAS LOW- POR AVE Well Location 
GR >10% POR Relative To Sand Shoals 

BOPD MCFPD Net Ft. Net Ft. 
Selzer 4-2 113 195 6 8 17 Well located in the thickest area of 

main carbonate sand shoal. 
Selzer 5-2 113 120 10 10 21 Well located in the thickest area of 

main carbonate sand shoal. 
Selzer 6-2 292 200 6 11 20 Well located in the thickest area of 

main carbonate sand shoal. 
Selzer 7-2 90 121 6 6 21 Well located in the thickest area of 

main carbonate sand shoal. 
Selzer 1-35 241 385 6 7 25 Well located in the thickest area of 

main carbonate sand shoal. 
Selzer 3-35 9 NIA 6 6 15 Well located in the thickest area of 

main carbonate sand shoal. 

Table 5.14 Initial Classification of Wells W/ DST Data (High Permeability Oil Wells). 

156 



Initial classification of the 14 wells with DST pressure data is based entirely on depositional 

and diagenetic geologic models, well log analysis and well log curve character. Figure 5 .25 is 

a histogram that summarize DST pressure data for the 14 wells in question. Tables 5 .15 and 

5. 16 sununarize DST Homer calculations. 

DST Horner Calculation Summary 
(Low Permeability Oil Wells) 

Well Name Horner Cale. Skin Comments 
Perm. Perm. 

md md 
Marlene 1-23 1.28 2.1 -4.14 Good shows w/ froggy oil recovered. Completed in 

Mississippian. Negative skin indicates permeability may 
be fractures. No drilling report. No vuggy porosity 
reported. 

Girk 1 6.17 2.1 12.88 Initial completion in Toronto. Recompleted in Bethany 
Falls. Put on pump to complete. No vuggy porosity 
reported. 

Selzer 3-2 2.71 1.8 -1.59 Completed as a t1owing oil well. Permeability my be 
enhanced from fractures. Vmiev porosity is reported. 

Selzer 9-2 0.11 3.1 -2.96 Reacidized, very gassy well, put on pump to complete. 
Permeability may be enhanced by fractures. Vuggy 
I porosity reported. 

Selzer 3-34 2.91 4.1 -0.43 Completed as a t1owing well and dual completion. Good 
vuggy porosity reported. 

Selzer 4-35 3.96 2.4 18.86 Not completed in Bethany Falls. Minor vuggy porosity 
reported. 

Selzer 2-35 0.23 2.9 36.88 Completed in Stark Shale. Vuggy porosity reported. 
Hackney 2-13 18.73 37 1.83 Good vuggy and crystalline porosity reported. No drilling 

and completion reports. 

Table 5.15 DST Homer Calculation Smm11ary (Low Penneability Oil Wells). 

Correlation of interpreted low permeability wells with DST permeability calculations, 

initial production and DST pressure data indicate general agreement with the initial geologic 

classification. Generally, little or no vuggy porosity is reported by the DST operators which 

agrees with the interpretation of a moldic to vuggy porosity ratio of 2.8 : 1 or higher in the low 

penneability and non-productive cores. 
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Figure 5 .23 Net feet of porosity greater than 10%, Bethany Falls limestone. 
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DST WELL DATA FOR WELLS INTERPRETED AS LOW PERMEABILITY 
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Figure 5 .25 DST pressure data sunm1ary. 
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DST Homer Calculation Summary 
(High Permeability Oil Wells) 

Well Name Horner Cale. Skin Comments 
Perm. Perm. 

md md 
Selzer 4-2 55.0 35 33.7 Good vuggy , oolitic, oomoldic porosity reported. 

Flowing oil well on completion. Dual completion. 
Selzer 5-2 23.3 61 -1.84 Good vuggy, oolitic, oomoldic porosity reported. Flowing 

oil well on completion. 
Selzer 6-2 12.8 53 -2.12 Good vuggy, oolitic, oomoldic porosity reported. Flowing 

oil well on completion. 
Selzer 7-2 8.1 51 -1.43 No vuggy porosity reported. Flowing oil well on 

completion. 
Selzer 1-35 30.6 58 5.57 Good vuggy, oolitic, oomoldic porosity reported. No 

drilling or completion report. 
Selzer 3-35 0.3 36 69.26 No vuggy porosity reported. Very gassy well. 

Table 5.16 DST Horner Calculation Sununary (High Permeability Oil Wells). 

Average initial and final flowing pressures are generally less than 150 psig (Figure 5.25) 

However, there are likely exceptions to the observed DST pressure trends, gamma ray well log 

trends, porosity greater than 10% isopach trends and well locations relative to depositional 

environment trends used to classify well locations as high or low pern1eability for the purposes 

of this reservoir characterization. These exceptions can be attributed to: 

• The general trend of 6 feet of low gamma-ray facies and 5 feet of porosity greater than 

10% not always work to differentiate low and high permeable wells. Subaerial exposure 

at the end of Bethany Falls deposition may have led to erosion of the upper portions of the 

generally permeable grainstone lithofacies (i.e. Hackney 2-13). Hackney 2-13 falls just 

below the borderline used to identify high permeability wells in terms of thickness of low 

ganuna ray facies and thickness of porosity greater than 10% cutoffs used to classify wells 

as high or low pern1eability wells (Table 5.13). The Hackney 2-13 well averages 24 

percent porosity over a four foot interval with DST permeability calculated as 18.73 md 

and a skin factor of 1.83 indicating that penneability may be even higher. Based on DST 

results, this well should use the high penneability porosity-penneability correlation #2 to 
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calculate penneability. As a result of this exception to the low gamma-ray and net feet of 

porosity greater than 10% criteria, it is realized that high average porosity, strong 

deflection of the gamma-ray curve to low gamma-ray values and good initial production 

are also indicative of high pem1eability wells. This example shows the value of these 

additional geologic and engineering criteria when considering borderline wells. 

• Initial and final flowing pressure are generally less than 100 psig. However, DST flowing 

pressures for Selzer 3-34 and Selzer 2-35 wells are greater than 150 psig. In the case of 

the Selzer 3-34 well, a negative skin factor indicates natural fracturing. For the Selzer 2-

35 wells, a high positive skin factor may explain the poor fluid recovery and anomalous 

flowing pressure. 

• Natural fractures are observed in core and consequently may impact DST pressure build-

up, fluid recovery, permeability calculations and initial production. A negative skin factor 

typically indicates a fractured well (Earlougher, 1977). 

• Low initial production is not diagnostic of low penneability wells. Selzer 3-34 and Selzer 

3-2 high initial production may be the result of natural fractures inferred from a negative 

skin factor. 

Correlation of interpreted high penneability wells with DST permeability calculations, initial 

production and DST pressure data indicate general agreement with the initial geologic 

classification. Generally, vuggy porosity is reported which agrees with the interpretation of a 

moldic to vuggy porosity ratio of 1.3 : 1 or more in the high permeability productive cores. 

Average initial and final flowing pressures are generally more than 150 psig (Figure 5 .25). 

Initial shut-in, final shut-in and initial reservoir pressure identified from the Homer plot are 

remarkably consistent. However, there are exceptions which can be attributed to: 

• Horner permeability for the Selzer 3-35 is calculated at 0.3 md with a skin factor of 69 .26. 

The high skin factor may be a result of low oil volume and high gas production. Two 
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million cubic feet of gas per day with only 2 feet of clean oil was reported on the DST test. 

No gas measurements were made for the initial production data. 

• Horner permeability for the Selzer 7-2 is calculated at 8.08 md with a skin factor of-1.43. 

The low calculated Homer permeability may be related to no vuggy porosity reported in 

the drilling summary. The negative skin factor indicate that natural fracturing may play a 

role in oil production. 

In general, permeability calculations based on DST pressure data appear to verify that a 

permeability contrast in these wells exists which lends supports to the previously developed 

Collier Flats Field geologic models. 

Drill Stem Test analysis clearly illustrates that strict use of initial oil production, DST 

shut-in and buildup pressure reported on scout tickets can not be relied on to verify initial 

geologic classification of the wells in the Collier Flats Field. However, these types of pressure 

and production data can aid in classification of Collier Flats Field oil wells in borderline cases 

and test initial classification. 
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Reservoir Characterization Results 

Collier Flats Field Reservoir Data (Porosity, Permeability, Water Saturation) 

The preceding sections of this reservoir characterization present the correlations (porosity / 

pem1eability and cementation factor) necessary to begin the Collier Flats field reservoir 

characterization. The following steps were followed to calculate porosity, permeability and water 

saturation data for the Collier Flats field: 

1) Well log data were digitized into TerraSciences, Inc., Terrastation TLOG modules for 

analysis. 

2) Well log data were quality checked against original logs and printed using TLOG modules 

to verify digitizing accuracy. 

Standard company borehole or environmental corrections (Dresser Atlas, Schlumberger, 

Wellex, Gearhart) were performed on the well log resistivity data using Terrastation 

TLOG modules. 

True Fonnation Resistivity (Rt) was calculated from company tornado charts using 

Terrastation TLOG modules, or a deep resistivity curve was used for Rt (i.e. Guard, 

Deep Induction or Laterolog). 

Selection of the porosity/pem1eability model (low or high permeability). 

Water saturation data was calculated using the Archie equation in the Terrastation TLOG 

modules. The following data was using in the Archie equation: 

a) Formation water resistivity (Rw) of 0.044 ohms@ 125 degrees F.; 

b) density porosity ( ~0 ) if available; 

c) True fom1ation resistivity data (Rt); 

d) Cementation factor (m) of 2.5 or 3.0; 

e) Saturation exponent (n) of 2.0; 

f) and fonnation factor / porosity constant "a" is 1. 0. 
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7) Penneability was calculated using the low or high permeability porosity/permeability 

correlation equation 5 .1 or 5 .2 in the Terrastation TLOG module. 

8) Well log data with water saturation and permeability were printed using TLOG modules to 

present results. 

9) Well Name, Well-ID, Ganuna Ray, Porosity, Water saturation and Permeability data in 

one foot intervals through the Bethany Falls limestone (8% porosity was used as a lower 

cutoff value for potential pay) was converted into ASCII text files using Terrastation 

TerraLOAD modules and compiled in Excel 5.0 spreadsheets (Table 5.17). 

WELL NAME WELL-ID DEPTH GAMMA-RAY POROSITY WAT-SAT PERM 
(AP!) (%) (%) (md) 

LEMON6 55.00 4780.00 30 30 30 10.0 
4781.00 25 21 28 8.0 
4782.00 24 23 27 5.8 
4783.00 24 17 40 22.5 
4784.00 25 23 19 130 
4785.00 28 19 21 130 
4786.00 31 18 25 26.7 
4787.00 36 12 20 0.00 
4788.00 42 20 19 280 
4789.00 48 12 23 0.00 

Table 5 .17 Terrastation TLOG one foot average of reservoir data example. 

Each productive well in the Collier Flats field with Terrastation well log data was written to a 

Excel 5 .0 spreadsheet and the ganuna ray, porosity, water saturation and penneability data was 

averaged over two foot intervals (Table 5.18). Two foot averages of the TLOG data were used 

because the vertical resolution for density logs is approximately 15"; 24" for Neutron logs and 20" 

for Ganuna Ray logs (Hunt, E., Aly,A., and Pursell, D, 1996). 
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WELL NAME WELL-ID INTERVAL GAMMA-RAY POROSITY WAT-SAT PERM 
THICK. 

(ft) (AP!) (%) (%) (md) 
LEMON6 55.00 2 27 25 29 9 

2 24 20 34 14 
2 26 21 20 130 
2 34 15 22 13 
2 45 16 21 140 

Table 5 .18 Two foot averages of Lemon 6 Terrastation TLOG reservoir data. 

When two foot interval averaging of well log data was complete, an average for the entire porous 

interval was computed for ganuna ray, porosity, water saturation and permeability data (Table 

5.19). This data is mapped using PCMS mapping software and used to characterize genetic unit 

scale reservoir heterogeneity. 

Mapping Collier Flats Field Reservoir Data 

Figures 5-26 through 5 .34 are a series of maps that sununarize Collier Flats Field 

reservoir data including the PCMS generated grids used to generate contour line data. Grids of 

reservoir elevation data, porosity, permeability and water saturation are presented since this 

infonnation is typically used in reservoir simulators. A moving least square algorithm using the 

following data: 
Minimum X Coordinate . . . . . . . . . . . . . 6. 5 
Maximum X Coordinate .. .. .. .. .. .. . 18 .2 
Minimum Y Coordinate............. 2.6 
Maximum Y Coordinate............. 27.3 
X Direction Gridding Interval.... 0.65 
Y Direction Gridding Interval.... 0.65 
Number Of Grid Rows .............. 39 
Number Of Grid Colunms .. . .. . .. .. . 19 
Number Of Z-Value Nodes........... 741 
Number Of ZNON Nodes............ 0 
Value of ZNON..................... -999999 
Data collection radius (REACH) .... 20.00 

constructed the grids by interpolating between individual well data. The gridded data was then 

contoured by PCMS. 
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Collier Flats Field Pay Identification Procedure 

Collier Flats field pay is defined using the following data: porosity greater than 8 %, 

porosity that is permeable, porosity with less than 75% water saturation and porosity confined to 

the Bethany Falls limestone. Core analysis data shows that Bethany Falls limestone with 8% 

porosity is permeable. A one foot interval with 8% porosity is used as the lower cutoff for pay. 

Core analysis also demonstrates that porosity greater than 25% consist of low permeability 

oomoldic grainstones. One foot intervals with greater than 7 5 % water saturation are deemed 

water wet and nonproductive. Thus, porous one foot intervals with less than 75% water saturation 

are considered productive. Pay thickness is identified for each productive well and mapped based 

on the above pay criteria. Non-pay zones are also identified and mapped. This information is 

used to characterize genetic unit and microscopic scale reservoir heterogeneity. 

Mapping Collier Flats Field Reservoir Data 

Figures 5-35 through 5 .38 are a series of maps that sununarize Collier Flats Field Pay 

data, including the PCMS generated grids used to generate contour line data. Collier Flats Field 

pay and non-pay grids are presented since this infonnation is typically used in reservoir simulators. 

A moving least square algoritlun using the following data: 
Minimum X Coordinate .. .. .. . .. .. .. 6 .5 
Maximum X Coordinate . . . . . . . . . . . . . 18. 2 
Minimum Y Coordinate............. 2.6 
Maximum Y Coordinate............. 27.3 
X Direction Gridding Interval.... 0.65 
Y Direction Gridding Interval.... 0.65 
Number Of Grid Rows .............. 39 
Number Of Grid Colunms . . . . . . . . . . . 19 
Number Of Z-Value Nodes........... 741 
Number Of ZNON Nodes............ 0 
Value of ZNON..................... -999999 
Data collection radius (REACH) .... 20.00 

constrncted the grids by interpolating between individual well data. The gridded data was then 

contoured using the PCMS mapping software. 
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Collier Flats Field 
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Of The Bethany Falls 
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WaterSaturation) 

Map Scale 
1 Map Unit= 0.38 Md. 
Contour Interval = 1 ft. 

Figure 5-35 Collier Flats Field, Bethany Falls limestone net pay thickness 
isopach map. 
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Figure 5-36 Collier Flats Field, Bethany Falls limestone net pay thickness grid. 
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WaterSaturation or 
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W- High Sw 
K - No Permeability 
(core data) 

Map Scale 
1 Map Unit= 0.38 Mi. 
Contour lnteval = 1 Ft. 

Figure 5-37 Collier Flats Field, Bethany Falls limestone nonpay reservoir 
thickness isopach map. 
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Estimation of Collier Flats Field Oil Reserves 

Original Oil In Place and Estimated Ultimate Recoverable Reserves 

Reserve data including ultimate recoverable reserves for primary and secondary recovery 

production is essential to evaluate enhanced oil recovery economics. The Henderson & Company 

waterflood feasibility study estimated an additional 21 % of the Lemon Ranch and Rhoades leases 

wells original oil in place (OOIP) can be recovered by waterflooding. Reserve data for the Lemon 

and Rhoades leases was compared with production data since these leases were water flooded in 

1983 after the Henderson & Company rep01t was written. 

An estimate of OOIP for each productive well was attempted usmg the volumetric 

methodology and the following equation: 

Equation 5.5 N= 7,758*~ *~ *(1-Sw) 
Bo 

N == reservoir oil originally in place (SIB) 
7,758 == mnnber of barrels per acre foot 

== net pay volume of the oil bearing zone ( 40 acre- ft) 
B0 = fonnation volume factor (1.49 RB/ SIB) 
Sw = Wcrter saturation fraction 

== porosity fraction 

For each two foot interval, OOIP, primary depletion drive estimated ultimate recovery (EUR-

Primary) and secondary waterflood estimated ultimate recovery (EUR-Secondary) was calculated 

and tabulated for each well in Excel 5. 0 spreadsheets. Based on the 1981 Henderson & Company 

waterflood feasibility study for the Lemon Ranch and Rhoades leases, a 15% recovery factor for 

OOIP is used to estimate production during the primary straight depletion drive production period 

(EUR Primary colunm, Table 5.19). 
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WELL NAME WELL INTERVAL GR POR Sw K OOIP EUR EUR 
ID THICK. 40 acre Primary Secondary 
# (ft) (API) (%) (md) (STB) (STB) (STB) 

LEMON6 55.00 2 27 25 29 9 74,317 11,794 27,423 
2 24 20 34 14 54,307 8,619 20,039 
2 26 21 20 130 70,468 11,183 26,003 
2 34 15 22 13 48,224 7,653 17,795 
2 45 16 21 140 52,882 8,392 19,513 
10 300,197 47,641 110,773 

31 19 26 61 

Table 5 .19: Two foot averages of Lemon 6 Terrastation TLOG reservoir data with two foot 
interval estimates of Original Oil In Place (OOIP) and Estimated Ultimate Recovery (EUR) for 
primary and secondary recovery phases. 

A 36% recovery factor of OOIP is used to estimate oil production from a secondary waterflood 

production phase (EUR Secondary), Table 5.19. Total reserve estimates for OOIP, EUR 15% 

and EUR 36% was smmned over the pay interval. 

Assessment of Enhanced Oil Recovery (EOR) Incremental Recovery 
(Lemon and Rhoades Leases) 

Introduction 

Collier Flats Field production data is typically reported to the state by lease (Figure 5 .39-

5 .40). Lease production data averages production from high and low permeability wells. Thus, 

decline curve analysis of lease production data can identify average recovery factors for the field. 

The Lemon and Rhoades leases were waterflooded beginning in 1983 and provide an opportunity 

to estimate incremental enhanced oil recovery due to waterflooding a portion of the Collier Flats 

field. Decline curve analysis of the Lemon and Rhoades lease production data provides an 

opportunity to evaluate the 1981 Henderson & Company 15% primary oil recovery factor and 36% 

EOR oil recovery factor with a 21 % incremental enhanced oil recovery factor. A good estimate 

of incremental oil production is essential to assess EOR economics for waterflooding additional 

Collier Flats acreage. 
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Lemon and Rhoades Pre-Waterflood Production (Primary Production) 

Monthly oil and gas production was entered from the Lemon and Rhoades leases into a 

spreadsheet and graphed using Excel' s graphing software. Excel was used to perfonn decline 

curve analysis on the production data. Lemon and Rhoades "Prc-EOR" lease oil production is 

presented in Figures 5.41-5.42. Excel was used to calculate an "Exponential Regression 

Correlation Curve" which is overlain on the production data. This regression curve is used to 

approximate a "Constant Percentage Decline Curve" for decline curve analysis. From a Constant 

Percentage Decline Curve, a Nominal Monthly Decline Rate can be calculated since the decline 

rate is constant. Equations 5.5 through 5.10 are used in this decline curve analysis. 

Equations 5.5 and 5.8: 

Lemon Ranch Primary Oil Production Exponential Decline Curve Equation 

y = 11,465 * e -0.0798 * X 

Lemon Ranch EOR Oil Production Exponential Decline Curve Equation 

y = l409 * e-0.0345 * X 

Rhoades Primary Oil Production Exponential Decline Curve Equation 

y = 4023 * e -OJ 25 * X 

Rhoades EOR Oil Production Exponential Decline Curve Equation 

y = l591 * e-0.0544 * X 

See Figures 5 .43 - 5 .44 for explanation. 
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Equation 5 . 9: 

Nominal Decline Rate 
dq I dt 

a == 
q 

d q == q i - q 1 m on th 
qi== initial oil production (S TB /Mo) 

qlmonth ==oil production 1 month after qi (STB/Mo) 
dt = 1 month 

Equation 5.10: 
Cumulative Production Estimates 

N =qi-qr 
r a 

q. = initial monthly production (STB / Mo) 
1 

qr==final monthly production (economic limit) (STB/Mo) 
a==Nominal Decline Rate 
Np = Cumulative Oil Production (STB) 

Primary (Pre-EOR) lease production for the Lemon and Rhoades leases (Table 5 .20) was 

calculated as follows: 

Step 1) Calculate a constant percentage decline curve using Excel; 

Step 2) Use primary decline curve equations 5.5 and 5.6 to calculate production after 1 month; 

Step 3) Calculate a Nominal Decline Rate using equation 5.9; 

Step 4) Calculate Primary Pre-EOR Production (Np) using Equation 5.10 and qr= 100 STB/mo. 

The 100 BOPM economic limit for reserve estimates is an arbitrary value. Accurate economic 

limits for these leases will require acquiring economic data for the individual leases. 
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Lemon Ranch Lease Data Rhoades Lease Data 
10 Wells 4 wells 

~Primary Decline Curve y = 11465 * C-00798 • X y = 4023 * e·O 125 • x 

Qi 11465 STB / Mo. 4023 STB I Mo. 
Gl Month 10585 STB / Mo. 3550 STB I Mo. 
Primary Nominal Decline Rate 0.076 STB I Mo. 0.12 STB I Mo. 
ac (economic limit) 100 STB / Mo. 100 STB / Mo. 
Estimated Primary Cumulative 254,420 STB on Jul-85 157,035 STB on Sept-84 
Production 

Table 5 .20 Decline Curve Analysis; Lemon and Rhoades Lease Primary Estimated Cumulative 
Production. 

Lemon and Rhoades Lease Primary & EOR Production 

The same decline curve analysis procedure used to determine Primary Pre-EOR production 

was used to calculate Lemon and Rhoades Lease Primary & EOR waterflood production (Figures 

5.43 - 5.44). 

Lemon Ranch Lease Data Rhoades Lease Data 
10 Wells 4 wells 

EOR Decline Curve y = 1409 * e-0.0345 •x y = 1591 * e -0 0544 • X 

qi 1409 STB / Mo. 1591 STB / Mo. 
Q1 month 1361 STB / Mo. 1506 STB / Mo. 
EOR Nominal Decline Rate 0.067 STB I Mo. 0.053 STB I Mo. 
Qr ( economic limit) 100 STB / Mo. 100 STB / Mo. 
Estimated Primary & EOR 446,506 STB on Nov-95. 225,185 STB on May-93 
Cumulative Production 

Table 5.21 Decline Curve Analysis; Lemon and Rhoades Lease Primary & EOR Estimated 
Cumulative Production. 

The difference between primary oil production estimates and pnmary plus EOR production 

estimates is incremental EOR production due to waterflooding. Although waterflooding began in 

1983, in 1988 a change occurred in the waterflood operation that increased oil production in both 

the Lemon and Rhoades leases. 
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Waterflood EOR decline equations were calculated after this event.     Estimated EOR decline is

more  dramatic  than  actual  decline  due  to  periodic  shut-in  of the  producing  wells  since  1993

prolonging production.   Original Oil In Place (OOIP) data from well-log analysis data is summed

for the 4 wells in the Rhoades lease and 10 wells in the Lemon lease (Appendix E) to complete the

Lemon  and   Rhoades   reserve  database  for  this   exercise.         00IP   for  the  Lemon  lease   is

approximately 1,243,000 STB and 627,000 STB for the Rlioades lease.

Lemon and Rhoades Lease Incremental EOR Production

The best possible data to  assess  incremental waterfloo.d  EOR production  in tlie  Collier

Flats   Field  is  from  decline  curve  analysis   of  primary  and  waterflood  oil  production  data.

Incremental waterflood EOR production for the Lemon lease is  approximately  192,000  STB  of

OOIP or 16°/o and 68,100 STB of OOIP or 110/o for the Rhoades lease.    Combining both recovery

factors, 13% appears to be a good approximation for both leases.

Comparing decline curve analysis production estimates with primary and EOR production

I I       estimates from well-log analysis based on the  1981 Henderson & Company waterflood Feasibility

Study,  iiidicate that the Henderson  and  Company total  EOR  oil  recovery  estimates  agree  with

actual production trends.      However,  decline  curve  analysis  revealed  a  13.5%  waterfuood  EOR

increnieirfu  oil  recovery  factor  compared  to  21%  recovery  factor  cited  in  the  Henderson  and

Company report.    Both methods indicate that incremental oil recovery due to waterflooding merits

waterflooding additional Collier Flats field acreage if the procedure is economic.

Estimated Oil Reserve Data and Source Lemon Ranch Lease Rhoades Lease Data
Data 10 Wells 4 wells

OOIP  - (Well Log Analysis) 1,243,000  STB 627,000 STB

Primary Production (Decline Curve Analysis) 254,420 STB 157,035  STB

Total Cumulative Production (Decline curve Analysis) 446,506 STB 225,145 STB

Actual Cumulative Production (P.I.) 447,802 STB 231,185  STB

Incremental Oil Production (Decline curve Analysis) 192,086 STB 68,110 STB

Primary Production Recovery Factor (Decline 200/o 25%
Curve Analysis)

Primary + EOR Production Recovery Factor 360/o 360/o
(Decline Curve chalysis)
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Incremental EOR Recovery Factor (Decline Curve 16% 111% 
Analysis) 

OOIP - Volumetric (Henderson&Co. Waterflood 1,800,000 STB 
Feasibility Study, 1981) 

OOIP - Material Balance (Henderson & Co. Waterflood 3,450,000 STB 
Feasibility Study, 19 81) 

OOIP - Summary (Henderson & Co. Watert1ood 2,500,000 STB 
Feasibility Study, 1981) 

Primary Production Recovery Factor (Henderson & 15% of 2.5 MMBO = 375,000 STB 
Co. Waterllood Feasibility Study, 1981) 

Primary Production Recovery Factor (Decline 22.5% of 2.5 MMBO = 562,500 STB 
Curve Analysis) 

Incremental EO R Recovery Factor (Decline curve 13.5% of 2.5 MMBO = 338,250 STB 
Analysis) 

Incremental EOR Recovery Factor (Henderson & 21%of2.5 MMBO = 525,000 STB 
Co. Waterflood Feasibility Study, 1981) 

Primary + EOR Production Recovery Factor 36% of 2.5 MMBO = 900,000 STB 
(Henderson & Co. Waterflood Feasibility Study, 1981) 

Table 5.22 Summary ofrecovery factors, decline curve analysis production estimates and OOIP 
data for the Lemon and Rhoades leases. 

Collier Flats Field Reservoir Heterogeneity 

Identification and classification of Collier Flats field reservoir heterogeneity is bas_ed on a 

reservoir heterogeneity classification and its impact on production perfom1ance proposed by 

Weber, 1986 (Figure 5.1 and Table 5.1). Weber, 1986, related seven heterogeneity types with 

their impact on fluid flow which is the bottom line for reservoir engineers. Identification of Collier 

Flats field reservoir heterogeneity is based on geologic models and reservoir characterization aspect 

mapping (pay, porosity, water saturation and pem1eability). 

Collier Flats Field Microscopic Reservoir Heterogeneity 

Type 6 Microscopic Textural Reservoir Heterogeneity 

In the section on Bethany Falls porosity and pem1eability development, it is hypothesized 

that two porosity and permeability distributions are related to depositional and diagenetic 

processes. The foundation for this distinction is the relative percentage between moldic and vuggy 

porosity. Low permeability cores (Porosity and Permeability Distribution #1) are restricted to 

the margins of grainstone shoals which were impacted by four dissolution events that created 

Bethany Falls limestone effective porosity. 
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The relative percentage of moldic porosity to vuggy porosity 1s more than 2.8 : 1. High 

permeability cores (Porosity and Permeability Distribution #2) are restricted to the thickest 

portions of the grainstone shoals which were impacted by four dissolution events that created 

Bethany Falls limestone effective porosity. The relative percentage of moldic porosity to effective 

vuggy porosity is nearly 1.3 : 1. 

According to Weber's 1986 reservoir heterogeneity classification, the observed Collier 

Flats field microscopic heterogeneity is a Type 6, Textural Type Heterogeneity which will impact 

residual oil saturation and/or rock/fluid interactions (Table 5.1). The method used to relate 

porosity, deep induction resistivity and water saturation for this heterogeneity type is a 

modification of the cementation exponent used in the Archie equation. 

Collier Fiats Field Macroscopic Reservoir Heterogeneity 

Type 2 Genetic Unit Reservoir Heterogeneity 

General geologic mapping using net porosity and low gamma ray facies were used to 

identify genetic unit (carbonate sand shoals) scale reservoir heterogeneity. Genetic unit scale 

reservoir heterogeneity define reservoir continuity within an oil field. However, penneability 

barriers within genetic units are possible. For the Collier Flats field, porosity times height, 

isoporosity thickness mapping, average porosity and net thickness of porosity greater than 10% 

are used to define Type 2 Genetic Unit reservoir heterogeneity (Figures 5.45-5.47). 

In all three figures, non-productive wells separate Type 2 Genetic Units 2, 3 and 4. The 

boundary between Type 2 Genetic Units 1 and 2 are based on a decrease in isoporosity, porosity 

and net thickness of porosity greater than 10%. Additionally, this non-productive area also 

correlates with lower permeability that creates a permeability contrast between Type 2 Genetic 

Units 1 and 2. 
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Type 3 Permeability Zonation Within Genetic Unit Reservoir 
Heterogeneity 

Type 3 reservoir heterogeneity is defined by permeability mapping. Figure 5.48 illustrates 

permeability contrasts within Genetic Units 1 and 2. Figure 5.49 also illustrates the location and 

thickness of low permeability zones that cap the Bethany Falls limestone reservoir due to very high 

porosity and low pem1eability oomoldic porosity observed in core. The significance of this type of 

heterogeneity is it will impact fluid flow within the reservoir, however, it does not form a barrier 

within the genetic units. 

Type 7 Fracture Reservoir Heterogeneity 

Characterizing this type of reservoir heterogeneity is difficult since the cores were not 

oriented to identify fracture azimuths. However, since whole core analysis was performed to 

detem1ine porosity, penneability and fluid saturations, the impact of fractures has been averaged 

into these reservoir characteristics. Unfortunately, distinguishing the impact of the fractures alone 

is not possible. 
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Collier Flats Field EOR Potential 

This exercise in identifying and classifying reservoir heterogeneity is intended to provide 

Tertiary Oil Recovery Project (TORP) engineers and scientists with the best possible geologic and 

engineering data to simulate reservoir flow mechanics and processes. This infonnation may also 

be used by TORP to justify further EOR research in the Collier Flats field. Current operators and 

royalty interest owners interested in implementing enhanced oil recovery technologies to prolong 

the economic life of this field can refer to this reservoir characterization for unitization purposes. 

Based on this reservoir characterization, Genetic Unit #2 would be a good candidate for additional 

study by TORP (Figure 5 .50). 

There are thirty seven productive wells in Genetic Unit #2 with approximately 4,700,000 

STB of Original Oil In Place. Assuming the recovery estimates based on decline curve analysis of 

the Lemon and Rhoades leases are correct, a 23% primary recovery during initial production and a 

36% recovery factor during waterflooding, incremental oil production would be approximately 

661,000 STB or 13% incremental oil recovery (Table 5.23). 

Genetic Unit #2 Well Name OOIP EUR 15% EUR36% Incremental Oil 
(STB) (STB) (STE) (STE) 

Baker 1-34 50,950 11,719 18,801 7,082 
Beyler 1 271,422 62,427 100,15' 37,728 
Beyler 2-11 271,422 62,427 100,15: 37,728 
Christian 1-11 311,015 71,534 l 14,39L 43,231 
Christian 2-11 474,246 113,728 174,99'. 68,731 
Christian 3-11 79,883 18,373 29,47'. 11,104 
Girk 11-1 41,054 9,443 15,W 5,707 
Holly Baker 1 131,813 30,316 48,635 18,322 
Holly Baker 2 131,813 30,316 48,63( 18,322 
Luellia Mai 68,743 15,811 25,36E 9,555 
Petro 11-1 21,543 4,955 7,945 2,994 
Petro 11-2 19,695 4,530 7,261 2,738 
Petro 11-3 223,824 51,480 82,591 31,112 
Petro 11-4 36,433 8,380 l 3,44L 5,064 
RJ Ora Baker 2 34,898 8,026 12,87~ 4,851 
Rj Ora Baker 3 86,163 19,817 3 l ,79L 11,977 

Table 5.23 Reserve calculations for Genetic Unit #2. Collier Flats Field. 
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Figure 5-50 Collier Flats Field Reservoir Heterogeneity Summary Diagram. 
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Genetic Unit #2 Well Name OOIP EUR23% EUR 36% Incremental Oil 
(STB) (SIB) (STB) (STB) 

RJ Robert Wimmer 4 38,470 8,848 14,195 5,347 
Selzer 1-35 235,693 54,209 86,971 32,761 
Selzer 1-a 125,429 28,849 46,283 17,435 
Selzer 2-2 85,208 19,598 31,442 11,844 
Selzer 2-35 120,830 27,791 44,586 16,795 
Selzer 2-a 100,015 23,003 36,906 13,902 
Selzer 3-2 97,406 22,403 35,943 13,539 
Selzer 3-34 106,035 24,388 39,127 14,739 
Selzer 3-35 139,590 29,711 47,667 17,956 
Selzer 3-a 118,351 27,221 43,672 16,451 
Selzer 4-2 131,813 30,317 48,639 18,322 
Selzer 4-35 21,525 4,951 7,943 2,992 
Selzer 5-2 215,586 49,585 79,551 29,966 
Selzer 6-2 181,682 41,787 67,041 25,254 
Selzer 7-2 92,146 21,194 34,002 12,808 
Selzer 8-2 255,362 58,733 94,229 35,495 
Selzer 9-2 68,295 16,034 25,723 9,690 
Willems 1-a 152,792 35,142 56,380 21,238 
Willems 3-a 144,341 33,198 53,262 20,063 
Willems 4-a 17,337 3,987 6,397 2,410 
Willems 5-a 47,730 10,978 17,612 6,634 

sum 4,750,553 1,095,209 1,749,265 661,887 

Bethany Falls Limestone Reservoir Conclusions 

The main producing interval of the Collier Flats Oilfield is the Upper Pennsylvanian 

(Missourian) Bethany Falls limestone. Reservoir lithologies of the Bethany Falls limestone consist 

of fossiliferous wackestones, peloidal and fossiliferous packstones, oolitic-bioclastic grainstones 

and oolitic grainstones capped by a paleosol. The main grainstone reservoir lithofacies was 

deposited on a paleotopographic high on the northern Anadarko shelf of Kansas. The 

paleotopographic high focused wave and current energy to form regressive carbonate grainstone 

sand shoals with a north-south marine sand belt morphology. 

The distribution and reservoir porosity type 1s controlled by a complex diagenetic 

overprint. There were four dissolution and five cementation events. The first two dissolution and 
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the first three cementation events are attributed to meteoric diagenesis, subaerial exposure and 

paleosol fonnation after Bethany Falls limestone deposition and during Galesburg shale deposition. 

The final two dissolution and the last two cementation events are related to burial diagenesis and 

occurred after Canville limestone deposition, burial and fracturing. 

Bethany Falls limestone reservoir lithofacies consist of fossiliferous wackestones, peloidal 

and fossiliferous packstones, mixed bioclastic-oolitic grainstones and oolitic grainstones where the 

carbonates sand shoals are thickest. On the margins of the carbonate sand shoals, effective 

porosity is only observed in the grainstone lithofacies. 

Porosity in the Bethany Falls reservoir averages 17.4 percent and ranges from 8-30 

percent. Permeability averages 43 millidarcies and is very heterogeneous ranging from zero to 300 

milladarcies in the porous Bethany Falls reservoir facies. Primary interparticle, moldic, vug, 

microvug and fracture pores are observed in all the Bethany Falls limestone lithofacies. However, 

the dominant effective pores are vug and moldic connected by natural fractures. Effective porosity 

and fracturing was focused preferentially in the center and thickest portions of the Bethany Falls 

carbonate sand shoals by late burial-related fluid migration in preserved primary and secondary 

pores connected by fractures caused by differential subsidence along an underlying flexural zone. 

Correlation of core descriptions and quantitative analyses with depositional and diagenetic 

models led to characterization of the Collier Flats Field cores as high or low permeability. Two 

porosity and permeability equations based on high and low permeability cores are used to 

characterize permeability. 

Evaluation of the Collier Flats Oilfield water saturation data was necessary because a 

majority of the Bethany Falls effective porosity is secondary. Two cementation factors were used 

to calculate Bethany Falls reservoir water saturation. When porosity is less than 20%, a 2.5 

cementation factor was used to calculate water saturation. When porosity is greater than 20%, a 

3. 0 cementation factor was used to calculate water saturation. 
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Four types of reservoir heterogeneity are present in the Collier Flats Oilfield based on the 

Weber ( 1986) reservoir heterogeneity classification: 

• Type 2 Genetic Unit 

• Type 3 Permeability Zonation 

• Type 6 Microscopic Textural and 

• Type 7 Fracture. 

The Collier Flats Oilfield Type 2 and Type 3 reservoir heterogeneity can be mapped. Type 2 

Genetic Unit reservoir heterogeneity can be subdivided into four genetic units separated by non-

productive wells and Type 3 reservoir heterogeneity, Permeability Zonation (Figure 5-50). The 

largest genetic unit, Genetic Unit #2, is approximately four miles long and one mile wide and 

contains a high permeability zone approximately 1/2 mile wide and four mile long trending north 

south along the eastern margin of known production. A low permeability zone exists between 

Genetic Units # 1 and #2 which is due to lower porosity, thinner reservoir facies and lower 

p enneab ility. 
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1 
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1-1..\ _SCIIEUFLER_21-5 >AMUEL GARY SW-NW,2\-J3s.2ow 6/2/81 S(:H).U~!3ER9E~ ;oR,D,~_.D !-~Fl. 
71 SCI IWE!TZER 1 
85 SCIIWEllZl:R 2 
72 SCHWEll/,ER 3 

, l lt\LIBURTON 
, I \Al.[BURTON 
, ! IAL\13URTON 

l<Xl'N OF C•Nt:-NE.26-33S-20W 
l S0'E OF C-SW-NE,26-33S-20W 
SE-Nl\,26-33S-20W 

Page 1 

4/29no _ : WELEX 
9113no :wEu:x 
8/26/84 , WEI.EX 

:UR:AC(?US/~UA!{.D 
_GR.N 
,UR,N.UlJARD 



WELLID i WELLNAME 

6s]sEul ~l:? __ 
12? j_SYLZ!::~1_:!i __ 
10_~ \~E1/.E~ _!__::~~ 

_ 12sjs1:~1~~!_<. ~-!-__ _ 
120jSl'l.ZER2-2 --· 

__ l~_?J~~~!-,?_!:!l_2~ 
____ 116JSELZER2-JS ______ _ 

_124_l§Eq,ER_2_-A ______ _ 
111 I SELZER 3-2 

-~~=-1?!i J~1ii.lI:~-j;1~~---
- ~ojsr:~J.E!<}_:!~ 

123 1.SE~.Z~!{ ~_-_A __ 
105jSE!1!:.Rj-_? _ 
133 ;s1:t.z~:~ _'!_}'!_ 
I !~jSUJER_4_:~---

WELL LOG DATABASE 

l
i_Pl:RAIOR __ 
KRM 

-- - ---- ---- -

KRM 
-- -- - -------

KRM 
- -----

LOCATION 

t~-s!:.2-3{i-:~i~--
-~:-s~::.~4-J?.~~i~~ 
~_::~':!!_~35-3;!_~:'!!!_':!!_ __ _ 

_LDATE __ 
2/t3/8\ 

10/12/81 

2/25/81 

______ KI~------------------- N~-NW;2-34S-20W _______ 5/9/81 _ 

ilp(_i~'OMP0~_'!'._ :LOGTYPES 

I 
DRJ SSD{ J(,R;[)J}.1 FQ.~ 
~I [ x----=-- JaR D ND l G_l01ll) 
DRESSl GR D,N,D I FO~---
DRJ SSI R ___ ---t9R D N,LAl 

P_g'!__RO I Q_G _ _j9R ~2JEU_01li) __ 
- ---1C~T __ IE~ __ '_§_!i!3:Y_!_~lj_::i ________ lQC2'.N_Qt:C,tn:-~l.:__:!i~:~9!!._ __ 1{!5181 

_ ___ l<g!'-1_________________ -~~~-t_-!_"'.Y,3~-3_3S-2Q_W _____ ~-----·- 2/~/82 DRfSS_!R -~•:c,R_D,N,DIJ:~~---
KRM S\1{-~W,35-33S-20_~ 6'1!?J DRF SSI R __ GR D .... ~!_!9~ _ 

---\ti:tS_S_ER_V_IC~-- _ ~~:: .. :.~~::~;~---- --·- -- :~:~f-1~~<: :::r ::-,a- ~: 
--- - IKiW________ S!>SE.!_4-B~·?0~_ 2/13ffi2- DR.l SSI R - _ GRDN,Dli_9C 

-- - !NE,SWJS-~3S-20~ DRl SSI R ll,R D_N,D I H)S: 

!Cl~ !~~S-~_l::R VICl~S 

IKRM 
1NLSE-3-}4S-2ow 4128/82 

1 
DREssi:-R . GR:flN,I? 1 _l:'(?c; 

·NT:-SW.2-34S-20W 

. KRM_ , NF-SWJ4-33S-?OW 
6/12/8! 

12/1/82 
1
DIU:SS!:R 
DRI!SSER 

. GR)).N;!? u_:9c 

. <::iR_.D.NJ) LFOC 

jKR~ ~tJ~-SW,35-~)S-~OW , 12!2'.81_ 1DRI:~s_ER ;~i!{,!?_.!'J;D l_Foc: 
__ 1_2_~0<;_[_'.!JlfR 5~-~ . KRM I NW-SW .2-34S-20W ; 12115/_8_ I il?AESSLR - i GR;D:_~J? I.FOC 

1_9_·~~~%lj'.l:R 6-2 _[t;1~ ; s-!~:~~-'~-3_4_S-20\Y 9/22/8 ! , l?!{l:S~ER ____ ;9}3,D;I_-JR}._!~~)C 

TOTAL 

89 j_SEL.Z!:~ _7:}_. ;!<J_3!0___ : SW-SE;2-34S-20W I l /20/8 l i o~::SsJ:~{__ ! GR,D,N;D.1.FOC 
90:SE!!,~::~8~_ ;K~M____ -- --~~~---~Ed_:3jS:2~)_W ---- l~/2/8_!_ iDRf SSI -11{~1)_;~-:~.I.FOC __ _ 

11? .~E!X,E~_?_:l__ !~~---- -----4SW-SW;2-34W-20W 12/16/82 DRf SSER IGR;D;N,D.I.FOC 
_ no;s1:~1.ER_B_:_!___ _ ________ !cn:1~~~~~~JiS ____ ----f_!_<~J_'E.()FS_:!'I.J'_:_S_F,~_-3_4S_-?g~ ___ 212018~ GI ARI!~] ~IGR~i;l-:1;_0_-LLAT-__ _ 

___ ?J~TH_q_!{~)_I~---- - !HA\,!BURTON ~SW-S\\'.!_21~~3S-20W 9/29no lw1 I IX GR;N,GU/\RD 
_ _J_l_jTH()RNlll_LL_2____ 7HA1.18URTON - tN--E··--sW,24-JJS-20_W_ ·/10111no 0111 X ]uR:N:Gl/,\R[) __ _ 

----~-~-t::;i}~:~-~fs------- -1~: --~-----=- - _j{~:~?;:::;~:-=-_ -- t::2~:; fo~ ::: ~All-AS r~:;:~;_:~~~ 
·-3~~~:~~iv_Q!_~~-- PAlRtCK ~w-sw;I-34s-2ow Tl/4181 ,<,r ARllARI ;~.mp.N,n._1.~_.Fl~ _ 

___ J:1_\WESLE\'.,~~~-- {J PATRICK -~_NW-SE,1-3~S-20W __ -----~l_l/81--J9!·-0Rllf\~l- __ (UR;_l\_~_J):~·L!\T 
_11_1,,,· j:>-'w_ IIJL __ ,1 __ 11~.-MM ___ s,. _2!=-_",\ -- _ 1 l XAS OIL & 9~ SE-NW)5-33S-20W __ J~~l(81 !~_c_~ l~l_J~f!LRq~:~-- (S,R;D;_t!~l-SFL 

tl XO £~QUCT\ON _ _ S~:!'l'?_{)j~~3~-201?J --~_!_l_!X82 __ ! SS'! 11=-~~~'.!W.l~R --~CJ!{;l~;~;)J) 
· 111;\1/1LLEMS 3-A__ 1n~~O~~-AS ______ 66_Q_'._F~{!,-19~_o•y~~.35-33S-2Q_~--- __ }.~/IO~_u')S'.!~-ll~3E!\_~!:!\ )0R,Q_,!'i_;!) .. t.sy~:-
__ 1_1~_;WILLEMS 4-A ITXO PRODUCTION . 66<t£N_fl-~~1~'Y\1{.11._.~?-~}~_:20»' 2/1_8~2 \sc1_g,U~RERGE~--~S,I<,.D;~J)-~')_f:J_,_ 

9J l~,LEM_:')_?-.~-- _- - --lTX()~{Q!?\J~TjON 660'F?~-_-1980'FW/l_,,2~,-33S_-20W ____ 6/1)/82 _j~,I AR! lAR l 1GR D ND I I Al 

11J ~Y{!LLEMs 6 ITxo PRODuc11ON ~~/82 __ L-;u n UMB!: RGLR GR N _ _ _ 
10 I woo~FOLK Crc.13~-- c1~~_!_i~ Pr 1 ROI-EUM _ 1124~stijse1 n u1v1B1 R_Q_~ l CiR n ~AT ___ _ 

93 i YUCCA ORA BAKER I__ Y'=!C_QI.J~T_.ROLEYM 9/1 !{70_ W1 l l X ____ 1GR N 9U~RD __ _ 
6Sj_Y\l_C~AQ~J3AKER2 -- YlJCCA~IRO~!:!_t-.:!_ 15~_._'.?~:'._0FC-tJE-SE,23-33S-±.Q_~ _ynno W_El!X_ ~- GRNQ_UARD _ 
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Appendix B 

Collier Flats Field 
Core Database 

Core Descriptions 
Core & Well Log Correlations 

Core Porosity/Permeability To Open Pore Type Correlations 

Lemon & Rhoades Leases 
Sections 13,14, 23 & 24 

T34S, R20W 

Wells Listed In Alphabetical Order 



DEPTH 

(feet) 
CORE 

LITHOLOGY 

59-~ 

4 7 60 -Lt,,,,tJ, 
6 1 -I rillnmlm~ 
52-1 - -

53-1 18 0 1° 
, 0 r a • 

::7zg1 
66-

1 $6'' 0 

67-
1 

e 

1. 

:: r.-~::~:.,_c_•I 
4770- ' 

~_,,~:-.L--
0 i a 

71-1 _ 

72-5 
I 1f I 

73-~ 

74-~l it I' e 
75-I --o 

F"' 
76-~ 

77-~ 

11 

9 

CLASTIC 
UTHOLOGIES 

"'l "" I BS Sh SL Cg 

NON SKELETAL 8l0TlC CONSTITUENTS CORE THIN SECTION ANALYSIS Well: Lemon 2x ANALYSIS 
GRAINS f"'"'5. 

I 4i Ht VI:. OPEN POROSITY-
lntr Gal Phy! PORE HORIZ 

GENERAL DESCRIPTION ()() I Pe! IDa Nud I Tut ~n Encr Moll 8ryo 1Br« Crin Fys,' ~- c:> ¢ 1¢ TYPE CEMENTS & SPAR PERM 

I 
-• --\--l---l.__-+---l--l-+--+-l-+-l~-tl-----P4-IQ-~1{~f--tx~-t-+----t-"""-•-tc'°s-c"-"-7'--=~1cc0De~¼~----t----,, ~:~~t~:y1to\~aa~g:a~~;kse~~;:e i~t:r~e:;:d to 

C7 in [MD] rhizo!iths 

with black colcoreous shale. Crinolds, broch-
iopods, r:oll,;sks are present in both \ithologies. 

Calcareous Siltstone Gray-green calcoreous 
siltst0n~ w/ dasts of g~ay wackestone 
floating i'l o martrix. Lower intervol is 
a wackestone spar ~illed voids (Rh'1zoliths & 
fenest.ral). 

j 
none spar D1 in Rhizo!iths L..,.,-i" nona (C1-C3=30%, C5=40% ["" Peloidal Packstone Croy peloidol burrowed 

..+-+--D<Xlf-+---+-H-+--+-f-+-+-+----OHO--+c:i--O-OI--K)o+-+-+-+-+---+----r.Cc'2=~-20=%"-"C-'-4=_,8cc%,,____+-_-H1 fossiliferous pockstone. Forominifera, bryo-
(MO) 01=2%) zoons, moll•;sks 

(C5=90%, 0 2 =9%, 6.8%-0md 
C7=1%) 

(MO) 6.7°/4-0md 
fCE Fossiliferous Wockestone Light brown bio-

turbated wacke,tone. Biota ,porco and di,-
orticulated; brochiopod,. crinoid~ and moli•Jsk:l. 
Thin miilimeter sized ~,.ay sha!e ~earns at the 
~ose that qrode into styo\ite, ond Ci,soppeor 
at the top. Few fracture~ and no mottling 'I 

~! s (MO) 7.3°/4-0md 

UJI I I I I I I I I I I I WI I I I I I I I I< Fossiliferous Wockestone Groy-brown 

? 

i_C6=90%. D1=10%) 

moHled and bioturboted fossiliferous 
wockestone. Tr'.i'7 millimeter sized clay 
seonis g..-ode into styolites. 

K-- Fossiliferous Wackestone Dork grey to 
_ 0 I brown burrow~,j and mottlerd fossiliferous 

none C6=90 ¼ [ seams. irterbedde~n~i\~c~~~c; bsr~~!:iopods, 

I spines, mollusks 

C6=90"/4 

'~ -f---J---+----1 j ++-+-++-+- ----i-------j 

~I I I 



Well Name: LEMON 2X 

.00 GR 120.00 

6.00 CALI 16.00 

.00 HORZIPER .50 ------ ---~-

.00 VERT/PER .50 

DEPTH 30.00 CNL .00 

FEET .30 DENIPOR .00 

30.00 COREIPOR .00 
-- -- -- .......Jit __ -- -·· - -- - -

4730 / 

-'-._ 

4740 

4780 

. -....___ __ 
...__ 

/ 

\ 
/ 

.20 GUARD 2000.00 

Lemon 2x: Initial Production 48 BOPD, 48 MCFGPD (5/1/79) from Perfs: 4755 to 4760' 



DEPTH § CAABONA:E I ' ITr,¼5nTI{FS NON SKELETAL BIOTIC CONSTITUENTS .~~!)flS THIN SECTION ANALYSIS , IT 1n1 ncir, Well: Lemon 3 CORE GPJ>JNS FOR™S. (/) POROSITY-

" $ "' Vk OPEN CEMENTS & SPAR (/eel) LITHOLOGY z MS "5 PS GS BS Sh Sl °' lntr. Coll "" PORE PLUG 
Co P~I Do Nod Tub '" [ocr l,bll e« Crin Fusi Ng c:> c:> c:> TYPE PERM. GENERAL DESCRIPilO~~ I 

74 Phylloid Algae Wackestone Dork gray lo ,f l'tl 8 :xx 1 ?1 i% nvne (C7-50%.C6-50%) 
is2<'2l 1'- br,"Jwn phyiloi,j o'•~oo wockestone interbedd~d with 

I ' I blcck fi5:,ile shale Phyiloid algae, br<Jcl-iiopod~, 
4775 l 

crinoids, mo!l1Jsks crd bryozoon:'.11 ore abundant 
e 8 in wockestone Brochicpod'!t and crinoid'!t present 

% l 8 
)' 

,i,x in black shale. So:ne fracturinq. 

76 

-rn11~1111®1r '} Calcareous Shale Gray blocky shale grading 
up into a dork <;iray calcareous ~hole w/ 
brochicpod5 and crif"loid5. 

77 - ---\ & -"'E Calcareous Shale Gray-green colcar-
eous shale and silts+ore w / wc:ckesto"e iritroclasts. 

78 -
ti® ti 0 6 I (MO.WC, (C5cc:807.,C1-C3=20%) Mixed Oolitic and Bioclastic Grainstone 
~'; BC) Brown rrixed oo•;tic and bioclastic groin:,tone. 

7:J - '-Ar::.t!l:ng di~s0ppeor:,- in this interval. Core 
eievotio:-i mork:ngs were not Indicated on core. 

? ? 
4780 - Mixed Oolitic and Bioclastic Groins\one 

I 27%- Groy to brown altered O"ld mottled mixed 

78md) ool;tic and ~rainslane. Vuggy and rnoldic 

81 - _?[] = porosity we:· dev~l-,ped Do .. ker patches are well 
0 . 

I ce.-.,,ented and show lein poro~ity. Core 
ti 0 

5 (VUG,MO (C5=207.,C1-C3=::60%, ~ievotiori rnorkirigs wl!re not indicated on core 
0 0 ,ti SC) D1=2D'7.) 

82 - I 22.0%-
63md) 

83 -
22.8%- / Pelo idol Grainstone and Packstone 

""' 
8.7md) ,/,;:.: Dar~ 10 brown highly altered arid mo~tied ·, i 84 pcckst2ire; fororninifera, bryozoon3, 

•I 4 !22 (8C,VUG. { C5=60%,C1-C3=30'7., 

? ? MO) D1 =107.) rncllusks & spar filleC vugs witr minor grain~torie 
layers. 

0 I ""' Oolitic Grainstone and Packstone. 85 A 3 31\, (BC.VUG. { C5-60%,C1 -CJ-30%, Dark gray to brown intensly mottled oolitic 
MO) D1=107.) packstone with minor grainstone layers 

86 - el & ...riE- Fossiliferous Wackestone Derk gray to 
L ' (BC.VlJG) (C5-90%.D1-10%) brnwn i,it~nsly 'l'"'ottled fossi!iferous wackestone w/ 

L ol crinoids, brachiopod,, mollusks interbedded with 
1 mm dark gray ~ho\i, seams 

87 - lo 1 none {C5-100%) 
!Ir 

88 -

-

-

-



DEPTH I CORE 
(feet) UTHOLOGY 

4765 ... 
U 1 

66 it t 

stl * T 
67 -

o * I t 
68-I LI 

oj 1 
69 

0 !i 
~l 

4770 -

71 -

72 

73 - -74 -
D 0 Ll 
·e 11< "* 75 -1.1.&_t• § 

77 

76-~l·/pelcic 

e 

78 -
' 

79-~ 

t±r]3 

I ! I ~L,AS:i1C NON SKELETAL BIOTIC CONSTITUENTS 
UTHOLOGIES GRAINS 

'fl I I I I" I \ntr ~I MS fl'S I PS BS Sh St. Cq 
0, Pel Oo N!Xl 

I 

CORE 
_AWJ.YSlS 

1 I"' I" :J;"ioc:>c:> 

fHIN SECTIOtJ ANALYSIS 
OPEN 
PORE 
TYPE 

CEMENTS & SPAR I Well: KRM Lemon 4 
GENERAL DESCRIPTION 

] 11 ~1111111 i 41 ]]J= FR 1- 37. c7- 9o7., cs-l07. Phylloid Algae Wackestone Dork 
grey phylloid algae wockestone 
interbedded with black fossiliferous 
fissile shale P0 ylloid broch-

Xl iopods, mollusks, bryozoans. 
Brachicpods are found in shale 
laminae. 

ITTI 11 i 111111 ~Hf WI 111-'"' lo=H I ~t\,~,~~'.:'.:~;::~o:;: __ ~:::_ I/ Lirrestone c!asts f 1ooting in .siltstore 

Ji 
I !><I 

" " 11 " 11111111111111111111 I I r ~:'.~: oc\"(i' ~:~;-;~ i.,:~- :. Os I I I I I I / G~~fs~i~~en calcareous 

j I Fossiliferous Packstone Gray 
I I I I I r:I -AA I I I I I I I I I I I I I I I I I r I fossiliferous pa_ckstone f Patches of gr-c1nstone. 

5 
4 

2 

15:j Rl 
r{J l<1 II'.> !\d 

(C5=507.. C1-C3=207. 
(MQ,\~JC:) I 01 =307.) 
(MC,VUG) C1-C3=20% 

none I (C5=307.. 01 =207.) 

Jili'l 

CORE 

Foromin:fera, bryozoans. mollusks 
capped by a dork gray fossilifer-
ous calcareous crust (caliche). 
Vertical circular spar filled voids 

ANALYSIS!\ (Rhizoliths). 

Fossiliferous Wackes tone Gray 
to brcwn mottled fossiliferous 
wackestane. s;ota broken and disa1·t-
iculated. Well burrowed. Few whispy 

11 j I I I j I i 111111 Ii 1111111 I I ;::::.;:,::: ::::::,.:~aem:ark grey to1191t brown ·rte1s1y mott!ed 
fossiliferous wackestone. Biota broken 
and disarticulated. Well burrowed. 
C0 inoids, brachiopods, b'cchiopod 

none l(CS=507.. D1=507.) 

nes, mo'lusks and phyl!oiC algae 
the base. 1 mm thick whispy shale 

seams that grade into styolites. 
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0 I~~; tJ~ ,Y,9ifiE THIN SECTION ANALYSIS DEPTH ;= , ,rt¼"n~9 s NON SKELElAL BIOTIC CONSTITUENTS Well: KRM L_emon 5 CORE VJ 
GRPJNS FORA.MS. 

c,;, ,.,, ,~ 
! 

I (feel) LITHOLOGY :,;; Sl ; $ Hk Vk 
POROSilYI DIPDENESIS NOTES PS GS BS Sh St Cq lntr 0,1 GENERA.L DESCRIPTION "' Oo P~I 04 Nc,,j Tub ~n En~r Mo II &;ro Brtt c:> c:> c:> lYPE 

I /L Phyllo'd W:Jckestone Dark 
l 

C7=507.,C6=307., phyi 1oid algae wocke-

i*/o 1 s ::x (BC) D1,..207.) g'oy to 
4781-

m 
I stone and calcareous black fissile shale. 

...... :23 ......... · l22l Brachiopods ore prorni;1(Jte in both 

1 + 8 none (C7-SD7.,cs .. 40,:) lilholag:es. 
82- t tQ 1S; ,k Shale Gray blocky shale. ....... ········ 

83 --<;:::::::::!~ ./ Siltstone Gray-green colcoreous silt-

~& -. stone w/ onguiar limestone clasts end 

none 
(C5""50%,C1-C3=40% fossil fragments floating in matrix. 

7 D1-10% 
Caliche Crust 84 . 

6 I s<>< I none (C5=707.,C1-C3=287. 0 0 0 26.5%-
0 0 01=27. 77.Smd ~Oolitic Grainstone Gray ta brown 

0 0 0 intensly mottled and bur-rowed oolitic 85- 0 " ; I ~~~,BO, (C5 60%,C1 C3-20% 'grainstore. z:30G D1=20¾ 10.2%-
0 0z:3 Omd 

G G 0 Oolitic & Bioclastic Grainstone 
86-

0 0 0 0 4 I (MO,B<:, (C5=60'.7.,C1-C3,.,20'.7. \ Gray t;' brown inlensly rrottle,j oolitic 
BP) D1=207. 24.4%-

0 0 
8

0 36.6md gro1ns,or,e. 

87- 0 © 0 
.3 ~· (~~BC, {cs .. 130,::,c1-c3=2oo/. 25.5%- Oolitic Grainstone Gray to brown 

0 G 0 0 01 .. 207. 32.2md mottled and burr-0wed oolitic 

.<G 88 >O Faint cross-t,edding is visible. 
88- $ none (cs=sor.,o, -1~ *I 

1 Bioclostic Wockestone Dark gray ta brown 
X i:;tensly mottled CJnd b:.irrowed bioclastic 

'"-~ ) 

wackestone. L1Jrge. crin0ids, \:yachiopods, 

4790 ,:,,. 

brachiopod spines, .-.,ollusks and whispy 
thin clay seams that grade into styolites 
in places. 

i *I 91 -

-

-

-

-

-

-

- I 



LEMON 5 

120.00 DEPTH 30.00 CNL .00 .20 GUARD 2000.00 

CALI 16.00 FEET .30 DEN/POR .00 

HORZ/PER 100.00 30.00 CORE/POR .00 

VERT/PER 100.00 

4760 

4770 

' J . - .. - .. - .. - .. - .. _ .. 4 
. ··-··-··-··-··-,·-· 

\ 
( 

4800 

\ 

I 
) 

, 

'-
\ 

4810 
/ 

Lemon 5: Initial Production 240 BOPD, 120 MCFGPD (5/5/79) from Perts: 4782-4787' 
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LEMONS 

PERMEABILITY DATA (MD) AND POROSITY DATA(%) 

30 40 50 

POROSITY AND PERMEABILITY DATA BASED ON CORE ANAL YS!S 

POROSITY TYPE DATA BASED ON THIN-SECTION ESTIMATES 
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DEPTH I CORE 
(feet) LITHOLOGY 

ti 
i=[ ! 9 

9 

! t .b 
111111111111111111111~ 

s" es I sti I st· I Cg 

,= 

NON SKELETAL 
GRAINS 

Oo I P,el I ~;~: I 

BIOTIC CONSTITUENTS 
rnRAIAINlF(E6. 

Tut> I Ger, I Er,cci'•foll j 8,ya! Broe! Cnn I Fu,i, 

AN'ii/f1~ 

~"'Iv, Phyll'/) 
Alq.l e>,¢-

OPEN 
PORE 
TYPE 

THIN SECTION ANALYSIS 

CEMENTS & SPAR i~g~~SITY-

PERM. 

(C6=707..C7=307.) 

Well: KRM Lemon 6 
GENERAL DESCRIPTION 

r(-- Phyltoid Algae Wackestone Dark ,;irey to 
Orowr phylloid algae wocke,ton~ interbeddl'd wi'.h 
block fo,,ile cokoreou~ ,hole. Pt-ylloid alqot-, 
brochiopod•, mo:lui.)(1, crinoid~, one bryoz:oon1 ore 
ob•Jndor;t in the '!fockestor.e Crinoids and brach-

:id r:5 .a iopod, ore pr .. ent In the block fo1sile shale. 

r<- Calcareous Shale Grey-~r•en colcoreous 
<;i shale _and siltsto0e. AnQular introclast" of lime ¥ (>.. m-1ds"one (w/ ,par fille:1 root mold,) floo•i,.,g 

_ S /f'"',-.tn,: Cl CJc--307. in o c:olcoreous ,;iltstone matrix. Colcoreo•;s 
4780 7: -- --=- j 8 1 none C4-101., 02-57.. '"ilt~~one grades up intc colcoreou'" '"hol•. 

0 • 0 0 7 - cone (C5c40r.,c1-c3c307. Cahc_he Crust 
0 C4=107.. 02=51.) r(- Oofrttc Grrnnstone ~ork grey to brown oolitic 

0 ® W~- groi•iston«. Ooids unifo,.""I I'\ size (1/2 to 3/4 mm) 

~

o @· ®· ! 29.?%- with faint_ cro,~beddini;, of thin layers of ~riMidol ord 
0 10.1 md mollu,kcci ~rain,tone:t Vertical and ho~:rontal fracture~. 

---j \i . ,tyolite'", end mottli'lg. 

® S3 t3 20.7%- I / Mixed Oolitic-Biocla::,tic Grainstone Browri S3 © 8.0md /J/ loy«red oolitic and bioclo,t•c groinst,::>ne. Strong cross-
, 0- @· beddin9 expre~-,ed between the layered 00lites and 7 G G · wo. ©· o (i.t0.VUG.BC, (C5-507.,C1 -C3-307., 22 B%- t>ioclo~t$. O_o)1tei o.nd bioclcstt much_ :or~er than 

0 M 0 G ls BP) C4=157., 01=5%) 5 8md 0Yertyin9 ooli~IC Q~01n•t~rie _~ot~hng 1.~ ritl-::ited to cross-
w 00 · bedd1na. Oolite b1ocla"rc robe approirmat~ly 50 : 50. 

-,,0 0 S3 ·w 0· -
16.5%- ...iE-Bioda~tic Graii:3ton~ ~ark grey .~o br.own .. G 0 @} G 22 Smd extre<Y\ely mottled b1ocla:,:t1c Qrarnstone ,.,1n, minor ool1t1c 

2f! G O 
• • grcin,t.one layer, Vottling i, !ineor and follow, wel: 

4785 -j @ @· ®© developed crog:~beddinq. Lori;i• cm. sized vugs ore 
@ i fil'eC with a coar~e :,par. Bioclo:,:ts orier-~ed r,orane1 ©·zs_ ©·G 0 f>_ 23 -2 %- to .cro,11b¢dding Biodo:,ts rr,;;ch larger ~ho" fhe overlyi,ig 

0 
0· © 1.30md oot,ti,: 'Jnd mixed oolitic grainstones. 

©· ®ti" 8 l X , l! Fossiliferous Packstone Dork grey to b.rown 
®· • o X 19-2%- extreme~ly m?tlied fossilife..-ous P<?Ck~tc,n~. Mot-tlrn,;i IS 

0 • G © • 5 :X :X {M0,VUG,BC) (CSc:507., C1-C~:=257., 130md Intense 1nclud1nq cm. sized ,.,.ugc fd!ed w•th a coarse spar. 
--+ o \ A C4=207.. Dl-57. Crossbedding dis:,appeors ond mottlin_,;i ?ppears to be 

; i X related to burrowina. 0 ack,tone fabric 1s ob,.•rved in t 
X 17.8%- the dark grey matt!«" and packston•-wock,tone fabric 
X 26.7md i5 expre•:,ed in tre lighter colored turrowd a,.eas. 

< 
--l // <> '_--1:'.'...:..:_ 1'1-l / - -

~I I I 111 ~I I I ffl Missing lnterv<JI 

,lt,,i;ij 
~-w 

--1 * QJ$ 
A, 

4795 -1 "1 'i( / 

12 O%- -"'E-~ ossiliferous Wackestone Dorl- 9rey to b~own 

(\I\_IG,BC.VUG) (C5=90/2.C4= !07.) Q~d i~c~~~fndg f~~~i;!e~~~e~a~~~:t~~l:·d ~i~~tl~~n;o;:e 
-+-->€1-+--t-+---.€1-r--l(l---!+-ll--l'l--tr-+--Bn=~+-----+-------+-----, spor. Mottling aopeors to be relateC t0 borro .... ing. Dork 

19.7%- grey oreas ore un-oltered forominifernl "'ockestone. 

111111100'''' 
280md Brown areas contain broker, ard altered blnclo,;!~ in o 

l>l--\---l,-J4--Q.-J:~-l--+'-!J'YP'-":lf".X\'=='-"'-J.:C(C_::5_0 9:,:0:_:7.,::,D_1°_1_::0_::7.)'---+-----j,,C: wackstone matrix. Vug!l C'Jl both fabrics. 
12 4%- ;---_ Peloidal Packstone Dork 9r~ to brown inten,!y 

l l I O~d u ~~t~~zde ~~l;~d~i11:~c!~~o~~ar~e
0
;~~~- il!O~~fnn;,e p::t~1~~~ 

fa~ric appear~ lo bo burro,,.ed to produce the: ro"dcimolfy 
6.9%-
0md 

ocicnkd wockc,tone (v,) gcoin ,uppo~ed pockstone fobcic, 

\II i ', I RI l)l Ill RI i r i I F ossiliferou~ Wacke~tone Deck gcoy to bcown 
!''""' "" 
;[ 11 r I I f= 

~I I I~ 
I 

~5=100/4} 

mc!l!eC c:-inoidal. brochiopoC wocke,tone Ucttling increases 
in ;·nten~ity upward in the unit -.rhile thin "llm-crn '"hole 
!learn, increase toward the ban. Contact bet ... ee"- mottling 
is 9rodationol '!'l"ith lor9e tmo!tr,--ed crinoid!l and brnchio~cds 
Ir; the darker cok.iritd matrix. broken and -Jbrodtl"d 
biocla,!,: :ire present in t!;e 1;,;ihter cc,lored m<'ttli-.9 
~c,~tlirg appears to be --elated to burro...-•ng 



ell Name: LEMON 6 

GR 120.00 

CALI 16.00 

HORZ/PER 150.00 

VERT/PER 150.00 

DEPTH 30.00 

FEET .30 

30.00 

4750 

4760 

\ 

4770 

-----

CNL 

DEN/POR 

CORE/POR 
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lemon 6: Initial Production 264 BOPD, 132 MCFGPD (5/17/79) from Perts: 4778-4788' 



LEMON6 

PERMEABILITY DATA (MD) AND POROSITY DATA(%) 

0 10 20 30 40 50 

--+-----+-------,-.-----··-•-- ff 

4783-84 

4784-85 

= 4785-86 
E--
I:).. 
lal 
Q 4786-87 
lal 

0 u 4787-88 

4788-89 

4789-90 

I ,------r-

1:T:H~ii!Etttfil:I ""f 
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4790-91 
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i ' I I 
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70 
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z CWBONAl[ CLASrlC NON ~K(LE1Al 8IOT11: l;ONSTIT\J[NTS l\)11'.f. lHIN SECTION ANALYSIS Well: KRM Lemon 7 DEPTH CORE 0 ~THOLOG!ES Ui'10LOGIES A~N._YSI'.:, 
GRAINS G 1~ GI I~ fORAMS. POPOSifY-iii 91. $ "' " OPEN HORIZ. (feet) LITHOLOGY z Ml Sh St VJ lntr 

Tub "I PORE CEMENTS ANO SPAR 
PERM. GENERAL DESCRIPTION 0¢ Pel o, G,o Encr '"" &yo 8,oc Crin Fvsi N1 c:>c:> c:> TYPE 

4789 - k Phylloid Algae Wackstone Dork grll)' to brown 
I b phylloid algae wackestone interbedded with black 

,t fr fissile srale. Phylloid algae, brachiopods, crinoids 1 """' ,., 
and bryozoans ore o:iundont in wockestone Crinoids 90 I fr Et 1 ] ; and brochiopods oree present in shale. Vert'cc1 open 

15 he, = ;,, :ZS NONE (C7-90%,C6-10%\ fractures. 
91 8 

II 
~i "'(- Calcareous Shale Grll)' calcareous blocky shale. 

92 -
1

1~11 
l Grades down into grey calcareous silty shale. 
I I k: Calcareous Siltstone Grey calcareous 

siltstone. 
Mixed Oo1itic and Bioclostic Grcinstone 93 

8®13 ° 8 (C1-C2-25X, CS-70% Dork gray mired oolitic and bioclastic grainstone. 13 none 02-=SX) 7 67.-1md 0 0.0 (1.(0,BC, {C~:=c70Y., C1-C..3==28% ~ollusks, crinoids, peloids and forominfero ore 
94 -

8 0 8 8 8 0 11 eP vuc1 01 2Xl present Overlies coliche crust 10 sa t:x,; I<'.)(: el ',<I none (D2-95~, CS-57.), 
I pol-!-Of;OI 10.3%-0md 

95 - Q MO.BC, CS- 707., C 1-C3=257.. Mixed Ool:tic and Bioclastic Groiastooe UC) UL ::;,/,} •• G • Dark gray to brown mottled oolitic one bioclastic 0 © 22.47.-0md G ® g·ainstooe with abundant oeloids. Dor'K gray areas 
96 - ·8 0 

><'> bioclasf1c groinstore, It :town creos oolitic with 8 ·0• © D 
MO.BC. (C5=707., C!-C..5=23% 23.3%-0md oomo'dic porosity Vuggy porosity poorly developed 

D. G ·e 0 UGI 01 17.) 97 - 0. • G 
® G G MO.BC, (C5=557., c;-c3=257.. 21.77.-lmd 

'P :,3 :Ss..., - JG\ C4 57.'\ 1.-- Biociastic Wackestone Dork gra,, to li,1ht 98 - 122 ' ,;, )z;zs; gray intensly mottled bioclastic woc,estone 
F-f'~4'1' RQ t=i Pervasive ( 1-3mrr) '.h'ck gray shale seoms that 

99 grade into styolites Biota ore small ond * 8\. e 5 none C5=100% 
discr:iculoted. Well burrowed 

4800 - ·10 * , 

Bioclastic Wackestone .:::::.,,,~ 4 none 01=307., C5=107. rs:: LL brown to gray 
mottled bioclostic qroinstone La~ge disorticulot£d 

Oi I• {3 brachiopods, brachiopod spines, crino'ds, rro!lusks 
I IP 0 Biota decreasing upward; brown color end mottling 

l.!t-4 decreos'ng upward also. Few w~ispy shale seams. 
02 -

I~ S:oclasFc Wackestooe 
"" 

8 C, none (01 807. C5=207.~ OJ I* I 
L.L ~1 Lower portior dark 

lszs2, gray and brown mottled wockestone Large 

04-L el C, 
N< none none articulated brochiopods, cri~oids, mollusks, 

2 ""' brachiopod spines with phylloid olgoe ot the base 

11 * 
I (1-3mm) thick block whispy shale seams. 

05 1a, Weil bu,.~owed. 
01 

06 - I I 
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LEMON7 

PERMEABILITY DATA (MD) AND POROSITY DATA(%) 
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DEPTH 

(feet) 
CORE 

LITHOLOGY 

•

1.o!,!:\ 
4773- % % 

l-1 
I 

75- _ , 

76-10 0 0 0 

0 0 0 0 
77 - 1080 Z3 0 

Z3 0 Z3 
78-I 0• Z3 'fl zi

0 

• 01 • Z3 iZl • 
79-10 0 0 0 

nee 1= q. I"~ • • @ ®·· 
$ a· I 

s1-I • . '° I 82-1--e· 83-ti~ 
8 .0 

34-

85 -~Jm..,,,,,!Jn,.J 

I uT~~T~?Es NON SKELETAL 
GRAlNS FOR.I.MS 

BIOTlC CONST1TUENTS CORE 
_lliA.LYSIS 

" I 1 IH' In ~tr~-
;:£: Oo Ptl a,1 NO<.!. Tub ~n Encr u,,11 Br)") E!roc, Crin. Fusi. ,I.Jg. c:> ¢ ¢ 

~111 6111111111 

THl."J SECTION ANALYSIS 
OPEN 
PORE 
TYPES 

POROSITY 
CEMENTS & SPAR iHORZ. 

PERM. 

Well: Lemon 8 
GENERAL DESCRIPTION 

Wackestone 
:Je wockestone 
mollusks inte 

gray to 
crinoids, 

with 
brach-black calcareous shale. St"tale 

iopods and crinoids. 

'.}l---t-+--+-t--+---+-+--t---cf--+---+-t---t---t--t----t-t--t-----t--------t----1~ Shale Gray blccky slightly calcareous shale. 

~I ~) {C5=507.,C4=207., 
C1 -C3=207.,D1 = 107.) 

7.87.-0md 

Calcareous Siltstone Gray-green colcoreo,..:s 
Wackestone closts floa~i'lq in the 

matrix. 

Grainstone Dark gray to 
a!te:-eC a'ld mottled oolitic 

·-· - Mixed Oolitic and Bioclastic Grainstone 
7_g,:;- D~rk gray_ to light ?rown _inten~ly altered 
0.8md mixed oohte ond b:oclast1c gro1nstone. 

Peloid abu-1donce de,crease5 in upper 
inte:-vol Styo!ites ;n breccia fab,.;c w/ thin 

7.S%- millimeter 5ized clay seams Moldic and 

-+-l---,'\---iYJ-+--+-f--+-+::,4-M-+---i,---+---!1-+--DH+-+;,<}tQ,t-+---l4.rh-\,-16',i?".c.,_frr;,.,,i;,+~==~-t----f colored h;gh1y altered areas. 
1 ·2rnd 

\ fissure porcsity well developed iri lighter 

6 

tu j 

0 

!=, 

15.17.-
12.lmd Peloida! Packstone Dork gray and brown 

____ ,__ __ mottled peloidol and oolitic packstone . 
(BC.MO) ICS=907..D1=107.) 

(RC.MO) i\CS=90%.D1 = 1·07.j 

(BC.M0) (C5"'9O%,O1 =57., 
C4=57.) 

(lr\\ 

6.1%-
0md 

8.6%-
lmd 

7.47.-
0md 

9.67.-
0rnd 

Fossiliferous Wackestone Dark to 
brown in~ensly altered and 

crinoids, 
Brochiopods, 

bryozoons and mollusks 
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LEMON 8 

GR 120.00 DEPTH 

CALI 16.00 FEET 

HORZ/PER 20.00 

VERT/PER 20.00 
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30.00 CNL 

.30 DEN/POR 

30.00 CORE/POR 
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Lemon 8: Initial Production 115 BOPD (7 /18/79) from Perts: 4 776-4 782' 

2000.00 
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DEPTH z CARBOt~AT[ 
UT~~o

11
G~ES I NO~p~~~ETAL 

BIOTIC CONSTITUENTS CORE THIN SECTION ANALYSIS 0 UTrlO~OG'ES ANALYSIS Well: 10 CORE 6 FORAMS. Lemon :;, I OPEN POROSITY 

(feel) LITHOLOGY S!. 

CJ I°' 
t H Vk PORE CEMENTS & SPAR HORZ. z MS ws PS GS BS Sh St. lntr Co 1'11/ GENEPAL DESCRIPTION Pel a, Nod Tub Gen Encr Mo I Br)') Broe Crin. Fusi Ng c>c> c> TYPE PERM. 

-
(BP,MO, (C5=507..C1-C3=307., 

4770- 0 
7 BC,VUG) Dt-57.\ -<:oolitic and Btodastic Grainstone 

0 G 0 I I (~O.VlJG, C5c::c607.,C1-C3""31J7., 21.5%- Browr, rrott!ed rnixed oolite and bi?clastic 
6 BC,eP) 01=57.) 23.0md qroinstone and moldic porosity well 

G 0 0 0 
71- deve!ooed Styclites preserit at the top. 

0 D 0 0 25.0%-
)( l1un o, l,,-.1 t" =7{)o/ re, T!'\..,,, 

2.0md 

72- 0 0· 0 0 
5 VUG,BP) 

28.5%-

0 w © 0 (CS-707.,Cl CJ=307.) 
J.Omd 

4 MO,BC, 
73-

0 0 0 G i/lJGJ 
14.8%-

0 0 w 0 2.1md 

74 .I J 

m I none (C5-:?0o/.,C1-CJ=10%) < Fossiliferous Wackestone Dork gray to 
8 6.77.- brown intensly altered o'ld mottled fo:5~ilifernu!t ::. r o-

I IC5 707. C1 C3 107. 
Omd wockestone Thin millimeter sized whi~py cloy 

0 none seom3 t~ot grade into :,tyolites. We-11 burrowed 75- I D1=2•}7.) with '.!tC'J~~ered br'Jchiopod:,, crinoid$, bryozoans 
and moll•--1sks 

e~ 
76-

i none (C5=907.,C1-CJ .. 10%) 1 

77-
3 

-

- I 

-

-

-

-

-

-

-



LEMON 10 

GR 120.00 DEPTH 

HORZ/PER 30.00 

VERT/PER 30.00 

I I 
&•""'-•.•,. l!Jl>...!'1.\'!!.'1.~Ur....JIE!tL"t&J.J"L.•°: .,.• 

' :• . ·~" t..• 

FEET 

4740 

4750 

4760 

- <!l ® Cl ® 
C3 ... .., <IP 

<I> (3 CEO C, 

,s, .., 111> <!!> 

.., C3 <!!> ... 
<!l <!l l!l t3 
.,, - o<11> 

4790 

.30 

.30 
- - - - - -

30.00 
--- -- - -- - -

/ 

/ 

/ 

"' '-

CNL 00 .20 GUARD 2000.00 

DEN/POR 00 
--- --

CORE/POR .00 
··- - --

( 

I 
( 

\ 
\ 

I 

/ 

Lemon 10: Initial Production 40 BOPD, 35 MCFGPD (12/7 /79) from Perfs: 4773-4778' 
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DEPTH 
(feet) 

CORE 
LITHOLOGY 

59 -~--~'____!_(" 

w w ~D 
4760 -ID D 0 

0 w 0 
0
w 08 

61 -I 8 G 0 
0 0 0 0 
0 0 0 

62 -I 0 0 Ll 0 
0 w 0 0 

63 -I Ll 0 08 ® 
0 0 G 

0 8 0 0 
64-1 • I.a I<::? 

&·$ .e 
65 -i---

$ .e 
66 - .·o $ 

67 -I & I ee-a 
69 -

" w 7¥ 
4770 -

-1 
J 

6 w 
VJ 

z 
I 
>-

NON SKElCT AL BIOTIC CONSTITUENTS I CORE 

GRAINS FORAMS. I \SIS 

kltr C<:JI Phy! Hk V k 
Oo I P~I I a1 N(,,j , fub ~n Encr ~oH Bryo Broc I Din Fusi Mg. c:::>- c:::>- c::> 

I I b 

TH ltLS EC Ti Ql'lANAL Y.SIS 
OPEN 
PORE 
TYPE 

CEMENTS & SPAR POROSlfY-
HORIZ. 
PERM. 

Well: KRM Lemon 11 
GENERAL DESCRIPTION 

,/ Siltstone cJlcoreous siltstone; w/ 
;,;,--- limestone & tio~losts 

Fossiliferous Packstone Dork gray fossil-
11 none &~:~6~~.CI-C3=S07.. iferous packsto:1e. Pelo;ds, foraminifera, 

\ bryczoc:1s ond mollusks. 

10 

f--+-

ITi I""" 

Ol-l-+---+-+--11---+--Kf+-IQ\--l',;H--t----k..,-/fvT-.--t,.(M,.,O~B:;;c,) t-('°C"S-'S"'0"7..-,c"',--"'c3,-~--,5"'or.".J-t-----1 Bioclostic Grainstone Gray & It. brc:wn 
· 15.8%- highly ai~ered & mottled bioclostic gra:n-

43.Smd stone Fine arairied at the base and 
Xll--l--+---l-~-+-N+--J'.;/i--!SJ+---1--R:.&t'<Sc,b::,-Hiii-i'='-/-;lcoGiit'=m==--+----J\ coarsens upw~ard. 

i~56;; Oo!itic & Bioclastic Grainstone Gray 

(MO,BC) I (C5=407.,C:1-C.3=50%, 
C-4=1r..D1=97.) 

14.4%-
1 rnd 

& It. b:own altered and r1ottled 
oo!itic and groinstone. Coarse 
grained in the center of the interval w/ 
peloids becoming more dominate at the 

, (cs=S07..ci-c.3=4s,:;, b9se. Oo!ds decrease al the base & I 01 =57.) b1oclasts increase. 

; 

J 

- Fossiliferous Packstone Gray fossilifer-
14.4%- ous peloidol packstone w/ lenses of oolitic 
4.6md grcinstone. Mottling minor. 

--INH'\i<J+--+--lii>iY-J"""f------t--------t------1 
12.2%- Fossiliferous Wackestone Dark gray 
2.1 md to brow1; inte:-isly r:iottled foss:liferous 

-R;J-t;/Sl-l--+--l;/'-+---l--l------1-------+-----+ peloidol wackestone w/ packstone lenses. 
7.7%- Pel:)ids, fo;cimanifera, bryozoans, broch-
Omd iopods and mollusks. Lower intervals are 

-N:41:<N-l--+--l"-+--+-l-------j-------+-----+ interbec!ded with dark grey shale. Styoli~es 
merge w/ whispy clay and thicker sh1Jle 

(CS~~%) seams. ;~;; 
;UJ 



LEMON 11 

GR 120.00 DEPTH 30.00 CNL .00 20 GUARD 2000.00 

CALI 16.oo FEET .30 DEN/POR .00 

HORZ/PER 100.00 30.00 CORE/POR .00 

VERT/PER 100.00 

4720 
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) 
/ 

4730 I 
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./ 

./ 

" 4740 

/ 
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\. 

' 
/ 

./ 

4750 / 
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./ 

/ 

,> 

) 

" I \ 

lemon 11: Initial Production 2 BOPD, 920 MCFGPD (2/14/80) from Perfs: 4757-4764' 



LEMON 11 

PERMEABILITY DATA (MD) AND POROSITY DATA(%) 

0 10 20 30 40 50 60 

4758-59 
®th 
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I : ! I 
l•:ffltttttl#JMmf--tm ttil 
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:Z.: 4761-62 J _ !•_ t i§\1 -~-,--& .•. >-< "'""'""'___ I , 
-i==~---+---------·'--- ----- ---------t----+ 

w ..:: 8 4762-63 

4763-64 

___ ____j _ -
I 

~£m -+~-L 
-----t- --

i-;:-- -
1mHoriz. k: 
I liiiilVert. k 

--1---------+--------,; Porosity -

i 
'l:lJVG 

!11!BC --"----~- --t------i 
I m~ 

i 
I 

POROSITY AND PERMEABILITY DAT A BASED ON CORE ANALYSIS t---:i I ' 

----- : PJROSITY TYPE~~A BASED ON THIN--~jTION-ESiIM:;;;---, -f---- -~ 

70 



DEPTH CARBONATE CL>STIC NON SKELETAL BIOTIC CONSTITUENTS .':,?,1;.E THIN SECTION ANALYSIS W 11 KR M 
1 1 2 CORE urnoLoo,e.s UTHOLOGIEs GRAINS '°'""s oPEN PoRos,TY-1 e : I I Lemmon 

Sl I H k Vk PORE CEMENTS & SPAR HORZ I 
(feet) LITHOLOGY IIS ,s PS CS Ill Sh Sl OJ Do P,1 ~; '"' [ea [a:, Moll. Bry, ·~ Cm fosi :; c:> c:> C::, TYPES PERM: I GENERAL DESCRIPTION 

89 I. - ; + Phylloid Algae Wacke9lone Dark grey to I t ,e C?=50%.Ct=,O%, brown lhtlloid algae wockestcf"le int.er:t,edded with 
12 ISZ:'iZl 12 none 61,..30:fl. block. _,,,sile colcoreous ,~ol~ Phyllotd ol9oe, 

4 790 - 1 r .broch18pod,. moll•Jsks, c:-1:101ds. and bryozcions ore 
abundant in the wackesto'le. Crinolds and b~acli-

,t 1opods ore pre~ent in the black fissile shale. 
, I 1--+-~=+--+-f--lxxr+-+--+--j-+--+-+---t'--j--J-"'""+~l'x";-D<::tt-+"'<-t--,-,-t--t---t--------i----i Vt"rticol open fr'Jctures in places. 

91 ,tr) e &J ij a :':8 
j I ""' = kxl'J ">ti 

92- '11 t 191 .;i $IS = ~J 

93- '°\ t ; 
t 

04 -farnfll"'?Jo;<X!XX"\ 

:5 E /: tit ffl 
C 

1 4/sl ffl 9o-,arnan,io.,nµ.( c::JCl • "-/'o 

' t I e it 1 o - 1 o non<o (C7=50~.C6=207.) 

97 Q :8J 
I 9,8 9 S none (C7=607. c&-20'!'. ..i(-Calcareou:os Shale Gr~y-green rnlcoreo•J~ 

98- ::::,c,id D1 ~207.J in rhizolrth shale orid ~iltstone, Anguiar irtr::iclasts ot lime 
R rnudstone (w/ ,-par fille,:I root molds) flootinQ 

( :) In a colcoreou~ siltstone rnotri)(. Calcareous 

99-
7 7 

none 1r?~=1;~7th C
6

z=lOi. 
presence of a po!eo~oi 

4800 - ,... none i;~~Ji~ Cl-C.3=l07.. 4':::. Peloido! Packstone Dark Qrey peloidal poclo:.~tone. 
• . \ 5 :X Rx 5 none {CS=Z0%,Cl-C3=207., t'n intervals are peloidal groins!ones Forominifera, 

@ @ i:3 @· \ b,Q C4=30::-:=, C7=307.) ;,,,ryoz00ns, mollusks. 
01 - 0 8 ® 0 \ NO 

@ f3 0 'tviixed Oolitic-Biodastic Grainstone Brown 
0· CORE #in~ groiriec! C/i~ to r,r't) ir,terbedCed, rnix~d 

02- 0 f3 ·0 3 3 (MO.BC, (CS=60.r.,c,-c3= 2o,;, oolit~s and 1/~--?mrn) t>iDciosts. Good 00m.J
1dic and 

@) BP) C4=5%, D1=157.) ANALYSIS mold1c poro~1ty with few vugs, 
0 ©· G 0· 5: Oolites end bioclo~t~ become lan:ier toward the base. 

Q<;-
0 

·@ Q: ?errneobi"ty cppecrs to be low. 
- ·® G ·0 2 2 (BC) ~~:1i~,D1=407., 

e ,~ Fossiliferous Wackestone Dork qr~ to brown 
_l 1 1 nor,e (C5=70'7.,C4=30%) ~.-inoidol, !:,rachiopoC wode~ton~. 

,.-. --p c;;s;:_ 1f"\c!ud,s, brochiopod spines. -no"•;sk11, bryoroon~, 
ond Biota brcke'"' arid di,otriculoted Thin 

05- l--l----l-+--1----l-+---+-+--+----l-+---+-+--+--+-+--+-f-+--+-+--+--j-+--+---+-------t-----i 1-3r:iim whi,py qroy shale ,earns that grades into 

_[ l--l----1-+--+~f-+---+-+--+---j-+--+-+--+--j-+--+-f-+--+-+--+--,-,+--t---+-------t-----i st:101ttes in places. Vertical oper, frodures 

I 



DEPTH 

4766-

CORE 
LITHOLOGY 

@} @) @) 
@) @) @) 

@) 2:l 
@) 67 --I 2:l @) @) 0 1· 

@) 2:l 
® 2:l ® I 687 ~@) 0® 69-j:u 

1r/ -t-.i'"v--477O---I~ 
-f-~ 71-j i , 

72 --I :;:;;g'Y;: 8> 

c[i I 
73~) 

:::~ 
~: "lttiJ 77 

78 
C 'Iii if 

~"' 1l A,._ 

47::EI) 
* I $ I 

81 ::::::::::===::l 

-

CA."<80NAT[ 
LJTHQLOG!ES 

Ml I ws l PS I GS I BS s•· \ Sh 1st Cq 
NON SKELETAL 

GRAINS 
BIOTIC CONSTITUENTS COR~s THIN SECTION ANALYSIS W 11 · KR M Rh d 

lntr. 
(It; ! P~I I Clo 

roRAMs. [ e . oa es -~~-< H> n OPEN CEMENTS & SPAR POROSITY "'' I I . Ph" PORE HORZ. 
Nod Tub. lGen. Encr _Moll Bryo. B~ Crin Fusi AJg c> ¢ 0 TYPE PERM. GENERAL DESCRIPTION 

I 9 1 I I ii I I I II I I I ~titt i I I I I none I (C~-
60

~1:'-;.~J-307., I 11 1%- r Oolitic & Bioclastic Grainstone C4 ?7.. -> • Omd L1gh7 brown mottled 'Jol,t1c & broclost1c 
stone. Generally very fine groined 
mottling in upper two feet. 

I 
I 
I bnn 

lf8 f6'I B 
is2S' 

I ; 
I 
I 
ij l<Zi 

g& 

I 

(C5=307.,C1-C3=307., 
D1-407.) 16.1%-

22.Tmd 

(C5=607.,C1-C3=307., i 4.27.-
C4-S7.,Dt-S7.) 4.6md Fossiliferous Wackestone Gray to 

brown burrowed fossilerous wocke-
9.6%- stone. Gray at the base and grades 

none {C5=90%,C4=57.,D1=5%) Omd up to brow'! at the Crinoids, 

none [Co-1007.) 

brac-hipods, spines and 
mollusks. Biota small and scattered. 
Few whispy cloy seams ihat grade 
into styolites. 

:tt--1----+---+-+---+--+--------t---~k Fossiliferous Woe kestone Dork gray 
to brown ~0t:led 0r.d burrr,wed fossil-
iferous wackestone interbedded with 1 -
3 cm. thick black shale. clay 
S?8rT'S Cissar:,p-::or. 

s, bn.;0zc,ans c:nd 

iij 6o 
none (c5~to0%) 

der:r~as.<:- d0wnword. 
Brochiopods and crinoids are present 
in shale seams. 

ij 
m 

none (C6=100%) 



RHOADES 1 

GR 120.00 DEPTH 

CALI 1s.oo FEET 

HORZ/PER 30.00 

VERT/PER 30.00 

·······••ir-··-··-··-··-··-·· JS __. ... :.- .. -.. -·•-··-··' 
·-'\ 
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Rhoades 1: Initial Production 48 BOPD, 48 MCFGPD (7/19/79) from Perfs: 4763-4767' 
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PERMEABILITY DATA (MD) AND POROSITY DATA(%) 
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DEPTH 
(feel) 

4754-

CORE 
LITHOLOGY 

-~0---0, 
0 0 0 

55-I © G 
® w® 0 ® 

56-I ® 0 00 
0 ©G 

G 8 6 

57-I G 0 
tl © 

0 G 
58-[ 0 G 0 

0 G G G 

59- 1° G G 0 
I • le· I • 

4760-P·'7';; 

6i -~' :1°~1 $7j • ,. • C, 

62-' LE-) 
i .!>. [•c, \ 

63-1~1· 
... _10 

64 -mV'--1 
I~. 4 

65-lvt; 
66-~ 

67-~ 

68 

1 

ti I CMBONAT' 
L.J I JTH(ij nr,wS [ I IH lfJ 1 I ' /'!0 jlf5 

NON SKELl="TAL 
GRftJNS 

;;;;1 ,11 ws IPS [GS 
;r_: 

:;1111++-H ™:::,18 
8 

7 

11ttH' ''' M I I I 

4 

B!OTIC CONSTITUENTS £2.%s THIN SECTIOf~ ANAi YSIS 
4' Hk Vk ro= I 

Tub Gi-n I Encr Moll. B,yo. Broc. Crin fvsi ~: Q c:> Q 

OPEN I 1POROSITY-1 
PORE CEMENTS & SPAR IHORIZ. 
TYPE PERM. 1 

Well: KRM Rhoades 2 
GENERAL DESCRIPTION 

13 (Mo) cs=eor..c1-C3=30Y., Oolitic Groinstone Dark gray to (i;;;,j~:;?~J3=3o,:, brown highly altered oo:i:tic groinstone. 
12 

3~J(';. 

C4=1%,01=9%) --f---- Predo'il;riotly oomoldic porosity w/ 

(C5=80%,C1-C.3=107:, 
C4=10%l 

( C5=907..C4= 1 or.) 

(C5=907..C4= 107.) 

(C5=50'7.,C4=20%, 

16.5%-
51.5rnd 

16.8%-
48.2md 

15.2%-
56.im,j 

13.6%-
32.6rn,j 

10.3%-
0md 

low 

Oolitic & Bioclastic Grainstone 
Dark gray to brown highly altered 
oolitic & bioclastic groinstane. 
Higher permecbili'.y in bioclot 1c 
grainstones. Faint oolite bioclost 
cross-bedding. 

Fossiliferous Packstone Dark gray 
to brown highlt altered acd mottled 
fossiliferous peloidal pockstane. 

and permeability in hi~hly 
areas . 

\-E- Fossiliferous Wackestone 
Dark gray to brown intensly altered 
and mottled fossiliferous wackestone. 
c,:noids. brachiopods, 

2 I non, I I spires, bryozoons and 
Motiling becomes finer upward :nto 
packstone. S1yoli1es follow brown 
areas. Porosity follows 
Lower portion interbedded with gray 
shale. Shale contains crinoids and 
brachiopods. Mottling dissappears. 



ell Name: RHOADES 2 

GR 120.00 DEPTH 

CALI 16.00 FEET - -- - - -

HORZ/PER 150.00 
- - -- -- --

VERT/PER 150.00 
- -··- - - -- --- - 4730 

4740 

4750 

4780 

30.00 CNL .00 

.30 OEN/POR .00 

30.00 CORE/POR 00 

) 

/ 

I 
_,.-

...__ 
-

~-- --' ' --, I := :_ -,/ 
/ ' - -

L 

I 
\ 

/ 

( 

\ 

I 

6.00 GUARD 1000.00 

s: 
Rhoades 2: Initial Production 96 BOPD, 96 MCFGPD (7/19/79) from Perfs: 4754-4763' 
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RHOADES2 

PERMEABILITY DATA (MD) AND POROSITY DATA(%) 
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-
DEPTH CORE § 

V, 

(feel) LITHOLOGY :;; 
i" 

69- lllillll~llllfil\ 
8®0 ® tl l 14 4770- 0· 00 _ 0 ;;l 2:l 

13 

72-~ 12 
© 0@ 

si 0 .G 0 . D 11 
73-' 

74-

75-

NON SKELETAL BIOTIC CONSTITUENTS £[[;.(;s 
GRPJNS FOR,!,JAS 

$ Hk V k 

()c I Pei I~!- ~, Tub C-!n "'~ 8'y,:, Bro:: Crin 
I 

Fusi Al~ c:>c:>c:> 

THIN SECTION ANALYSIS 
l~g~~SiTY-OPEN 

CEMENTS & SPAR PORE 
iYPE .PERM. 

Well: KRM Rhoades 3 
GENERAL DESCR'PTrn 

k:- Sil".:stone Gray calcareous siltstone and I ' shale. L_imestcme irtrclasts floating in a 
1.-1--+--l--+~+--+--l--+--+-+---+-j-+--f--+--+-j-+---+---------+-----l, siltstone rnatriY. 

none 

II I I I I ~I Ill I I 

C5=60%,C 1-C3=.30%, 
C4=1 7. 

( C5=60%.Cl-C3= 307.. 
D1 ""107.) 

C5c::c.20'7.,C1-C3=30%, 
01 =507.) 
(C5=60%,CI -C3=30%, 
01=10% 

-
10.8%-
Omd 

14.6%-
2.4md 

19.9%-
2.2md 

23.2%-
67.9rnd 

17.8%-
22. lmd 

5.8%-

Oolitic & Bioclastic 
Dork gray and brow...., 
mottled oolitic and 

I I I I I 
I • 10 

B> AJ-v-- a 
0mci Peloidol Packstone Dork gray intensly l-+-l:c--~m--l-+-t-t--+-j~H---+-+-~~--t:8Hl-f>8~:a-t-t---trlr-+-+7F(~icc_]:,Micoc. t(iccc;s;;-= 77rOiii%:-i,Dl11;;-=3'301'%,j'J--t-;-1-;-1.-;;2:%--j- altered and mottled ..Jnd fossil-

VJv) 2.9md ife:-ous pac~stone foromi,....;fera. ... 
77-1 , Ii>, F 

• 8> • 

78-I iij 
I 7 (BC.MO) I (C5=9,J7.,D1=10%) 

81-I 
8 

bryozoa'ls, rno:lusks and brachiopC'ds. 

l\~- I~ Fossiliferous Wackestone Dark gray 
mottled and burrowed fossi:iforous 

9.7%-
0md 

8.6%-
0md 

8.5%-
0md 

Brochiocods, crinoids, 
0

llites and rriolluslt~. 
pockstones 1Jnd 

Thiri mm sized clay seams 
grade Into styolites. 

Fossiliferous Packstone Dark gray 
fossiliferous burrowed and mottled 

0 I -RS;'71<,.-+-+-+_,j~+--+--£,.-+-j-+--lij.,-/-4/<LJ~-W'4<P'-f-+-+-+--+--FL..f-f--=-'---'--"--+----,ji,- pocksbne. 82-~ I' 1511F~ 
83 -18 8 0 SJ I I 41 I 

000ti0 _ I 
84-1808 0 0 " 

80
8

0°s/ ~fa 
c,' 8> #. 1 85-1 • I· el Q 

&I 
I 

-1 

(8C,VUG. l(C5= .... -v;, 

MO) 01 =07o) 
/V7o, 

Oolitic & Bioclastic Grainstone 
Dark brown altered and mottled 

and peloidol grCJinstone. 

t,E- Fossiliferous Packstone Dork gray 
fossilifer,:,us burrowed and m0~tled 
packst,Jne. 



11 Name: RHOADES 3 

\ 
I 

GR 120.00 

CALI 16.00 

HORZ/PER 75.00 

VERT/PER 75.00 

DEPTH 30.00 

FEET 30.00 

30.00 
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CNL .00 

DEN/POR .OD 
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Rhoades 3: Initial Production 156 BOPD, 156 MCFPD (2/7 /80) from Perfs: 4770-4780' 
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PERMEABILITY DATA (MD) AND POROSITY DATA(%) 
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Appendix C 

Collier Flats Field 
Core Database 

Whole Core Analysis Data 

Lemon & Rhoades Leases 
Sections 13,14, 23 & 24 

T34S, R20W 



Bethany Falls Limestone 
Whole Core Analysis 

A B C D E F G 
5 _Q~p_!_h_ JSample # Horiz. P~_r-n,. __ Vert._P_~r~ P_()rosilt____ w__. Sat _0. __ ~at~----

49 _,4_!7~7~- il10-3 __ - - -- -- - ... -~-1- ___ 28.5 - _ _1_3_A 
50 4776-77 L10-4 2.1 0.8 14.8 34.1 17 

----··----.-.-.-- ------- ·--- ---- --------------- ---- --- ---,--- ··----·-- --------~- -------~----
51 4777-78 L 10-5 0 0 6.7 47.6 4.2 

---------- -- -------- --- --------··-·-----·------ ----- - ·----- --- ----- --- ---------- --- --------···-

52 Depth ___ Sample# Horiz_.__Per.!_Yl_. Vert. !:_errl'l. Porosity_ W. Sat __ 0_._Sat 
53 4758-59 L 11-1 43.8 3.2 15.8 26.5 14 ---------- ----~----- ---- ----- ----- ------ ---- ----- ----- --· ------ ------- --- ---- -------

54 4759-60 L11-2 125 62.7 15.6 32.6 13.6 -----~--- ------- --- - -- ----- --------- ---- --------- ----

55 4760-61 L11-3 1 0.8 14.4 17.5 4.7 
---- ---- --- ---- ----- ---- -- .---- ------ - ----- --- -- ·---- --- ---------- - -- ___ ,_ -- ---

56 4761-62 L 11-4 4.6 3 14.4 30.3 11.7 
------- ----- -------··------------------ - - - -- --

57 4762-63 L11-5 2.1 0 12.2 28 21.1 
--------------- ------------- -------- ·--· ~-----------------·- --·----·--- ---- ----

58 4763-64 L11-6 0 0 7.7 31.8 17.5 
------ --~-~------- ------------·----------·--------·- --~-------- -----~-----

59 Depth ___ Sample# _Ho_ri:z::£_erm. _ Ve_~t. ff3rrl'l: _Porosity W. Sat 0. Sat 
60 4766-67 R1-1 0 0 11.1 31 9.1 

------ ---- --·--- ----- ----

61 4767-68 R1-2 22.1. 9.8 16.1 19.3 9 ----------- ----· -~- --- ---

62 4768-69 R1-3 4.6 4.6 14.2 18.2 13.7 
63 4769:70- R1-4 - ' - o' 0 9.6. 27.3 12.5 
64 Depth :sample# . Horiz. Perm. Vert. Perm. Porosity W. Sat 0. Sat 
65 4755-56 'rfi-f- - I 21.3 13.6 29.9 -15' - 1.7 

--- - --- . -- -- ----- -----. -
66 4756-57 :R2-2 140 130 22.1 21.6 10.1 
67 4757~58- R2~3 ' --- T1 o i- - -55~2 1 ~f3 --23.-8 -- - 10.4 

~i ~ii?\ filt:1;-=:[-- ~~-- -i \ii~·~ 1tt 
72 4762-63 IR2-8 · 56. ~: _ _ ~~:? ___ 1§.2 -- ~4.91- .... _ _§.3 
73 4763-64 ,R2-9 , 32.6i 18.9 13.6 23.51 8.6 

~! %:~t6K_j;~~~t.i H~i.P:m4v~,t~e~m 0 ~;,a:"2+o~at31. 
76 ~77J.:f3-=!3-~--1 .:=-=-=-~~- o --=~ J) ~--1§} --=~33._tl~=-~ 7:8 
77 4773-74 __ R3-~~ _ _ ___ 2.4 _ __ .11 ____ 14.6 ____ 26.~l---~ 10 
78 4774-75 IR3-3 2.2 0.8 19.9 32 12.9 

- . . ..... .).. ··-· -... ··. -··· ..... ·-· .. ' - - . -- ·-· ·-·;··-- --. ·--\---·-· ---------· 

79 4775-76 :R3-4 67.9 55.2 2~.2L 21.7, 14:_.8 
80 4776-77 R3-5 22.1 7.4 17.8 1 19.3, 16.9 
81 4777-78 )R3--6 0 O' 5.8 1 34.9 4.:t 

--- - - ---·j -- --- ---- - - -i- l- i 

82 4778-79 1 R3-7 2.9: 1.8 11.2 26.6: 9.2 

ini~itftr~ ~-- = 1-- =Ti- ~irii~~fi 
87 De_pth _Sar1121e_if: _!-Jori~_. P(3_rm. Ve_rt. Perm. PorosJty W. Sat [o. Sat 
88 '4780-81 L3-1 78 27 , 

----·-··--- -------------- ----- -- -- - --- -- - -----

89 '4782-83 L3-2 63 22_
1 

90 '4783-84 L3-3 8.7 22.8 
----- ------ ---

91 
--- --- . ------- --- -- .. ---

92 
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A B 

Bethany Falls Limestone 
Whole Core Analysis 

C D E F G 
5 Depth ... .. Sample#_ . Ho~~:Perm. Vert. Perr:!1.-_ Por~sJ!t_ vy._Sa!_ 0..._§9t_ __ 

49 4775-76 L 10-3 3 2.4 28.5 13.4 2.6 
50 4 77f;_-zf IL 1 o-4 · ···-· ·2.J1___ -~ -Is - _1~J3_ -~ -~:3_~: 1 - --Tr 
51 4777-78 L 10-5 O' 0 6.7 47.6 4.2 
52 De12th Sample# ·Horiz. Perm-. Vert. Perm. ·Porosity W. Sat --·o. Sat 
53 4758-59 ,L11-1 1 43.8 3.2 15.8 26.5 14 
54 4759~60 L H-2 125 62.7 15.6 32.6 13.6 

:~ !;~{:;- ~~J-____ i - - 4_;;_ --- - 0.~
8
i - 1¼1[-- -i~:;t --1~:} 

51 4?6_2-6}_ 1.LJ 1-§_ j_ __ __£~1 _ _ _ o _ _12.2 I_ __ 28 -~1.1 
58 j763..::64 ~L1_1_-6 ___ : _____ si ____ _o _ 1._7L __ 31-§ _ 1z._~ 
59 Dep_th ___ 

1 
Sam12le # Jl::loriz_._Per111_._ \/~rt. f=>errl'l. J P.9_rositt __ lW ._ Sat_ 0. Sat 

60 4766-67 IR1-1 0/ O 11.1 1 31 9.1 ----- - --- ,- ----- - --- i- - -- - I 
61 4767-68 !R1-2 22.1 9.8 16.1 I 19.3 9 

:~ 1}!:=~t ~t+ 4
·~ 

4
·~ J{i) ~;:; ~: ~7i!h~~J # HoriLP0'.;71

3 
Vert POr

1
~ 

6 
POrosi~~f Sat o~ai~ 

-·- ---- ._lt_. --·-- - ----·-···--·--- ··---··--·-··--·····--·---·--··-··------·· 
66 4756-57 IR2-2 140 130 22.1 21.6 10.1 --·- --- -+- ··----·-. ·- - . ---· -··---·- -·-· ·-·----- ---- ··---·-· --- ···-·---- .. --. ---- . ---·-
67 1[57-58 :13_2-3 · _110

1 
55.2 1 19.:3_L _ 23.§1 10.4_ 

68 4758-59 R2-4 300 125 22 19.3 13.2 
--- - ---- --~---

69 4759-60 R2-5 2.1 0 16.1 24.3 10.6 
10 4760~61 R2=6 51.6: 32.8 16.5 28.2 9.8 

- ---- - ---

71 4761-62 R2-7 48.2 39.6 16.8 25.4 7.6 
72 4762-63 Ri::s 56.1 31.2: 1§.2! 24.9: 6.3 
73 4763-64 :R2-9 32.6) 18.9 13.6i 23.5i - lf6 
74 4764=65 --R2=10 -- -- or or 10~3i 36~2f- --5~1 
75 Depth Sample# Horiz. -PElrm~-·verf. Perm. -:-Porosity !VJ. Sat ~O. Sat-

~! mrff Ji=-_ ---1tr_ ;:J; _ 1;1; 
19 4775-7§. _ _;~3.._4_ ___ 67._9 §5.2 ____ 2_3-1_ ___ 21_._z1 ____ 14_.?_ 
80 4776-77 !R3-5 22.1 7.4 17.8 19.31 16.9 
81 4777-78 rfb-6-- - -- - o -- -- 6 --- 5.8 --34.9~ 4.7 

mt:i~ t~~:f- ~i 1

~ lgf; i~ 
86 4782-83 R3-11 0 0 8.5 47.1 2.9 

• - - - j - + 

87 Depth Sample# Horiz. Perm. .Vert. Perm. Porosity W. Sat 0. Sat 
88 '4780~81 1L3=1 - 78 1 • .. 27' 

- -- . ---

89 '4782-83 L3-2 63 22 
90 '4783-84 L3-3 8.7 22.8, 91 - -- __ , 

92 
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Appendix D 

Collier Flats Field 
Drill Stem Test Database 

DST Analysis Worksheet 

Wells Listed In Alphabetical Order 



GIRKl.XLS 

DST Data 
GIRKl ·--~-·~---

date 9/24/80 
well bore diameter 7.875 inches 
drill-collar 488.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 4274.00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbllft 
initial flow time 25.00 min ----· 
final flow time 60.00 min 
_total flow time (T) 85.00 min 
1st final flow pressure 62.00 psig 
2nd fmal flow pressure 66.00 psig 
gauge deptb 4800,00 psig 
mud wt. 9.20 lb/gal --
initial hydrostatic pressure 2359.00 psig 
final hydrostatic pressure 2326.00 ps1g 
bht 124.00 degrees f 
porous interval (h) 6.00 feet 

DST Quality Check calculated hydrostatic pressure 2294.02 psig 
oil specfic gravity 0.80 &'cmA3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recove1y 129.73 ft-mud 
theoretical 2nd flow recovery 237.86 ft-oil 

Homer Plot Data M 45.00 psi/cycle 
reservoir pressw·e (pi) 790.00 psig 
gas recovery (2nd flow) 0.10 mcfgpd 
fluid recovery (Ft) 150.00 g&ocm,go 
production rate (Q) 17.64 STB/D 
ave porosity 0.11 
production time ( tp) 1.42 hours 
well bore radius 0.33 ft 
oil compressibility"' l.39E-05 
viscosity* 0.39 cp 
fonnation factor (B)• 1.49 rb/stb 
oil gravity"' 46.00 api 
perm (kh) 37 04 md-ft 
penn (k) 6.17 md 

Skin Factor Data pressure FSIP @ I hr 773.00 psig 
skin factor 12.88 
dP across skin 503.34 psig 
flow efficiency 0.36 --

Initial Production oil 54.00 bopd 
on pump gas 160.00 mcfj:,d 

water 0 00 bwpd 
perts 4795-4800 ft - Well Name: GJRK 1 

00 GR 120.00 DEPTH 30 0EN/POR -.10 

1---6.Qq_ _ C{',!,-1 __ !. 6.QS!_ FEET ~o:..og --- - 5N~_ - ----- ...:..!_0.pQ 

---
4790 

I'- 1.)::: --- < --, __ ,__ -1- _,_ ,_D - I< ' 
k:,__ 

e-J-le,~ I-- - f--1-- 4800 -
- '"c---

I 
l) I/ - Ir r, < 

f-- l/1~ 
_-4.ftl.O_...._L_ 



Hackney 2-13 DST Analysis 

DST Data -~ 
HACKNEY 2-13 

date 10/26/81 
well bore diameter 7.875 inches 
drill-collar 547.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 4206.00 feet 
drill-pipe (ID) 3.80 inches 
doll-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbllft 
initial flow time 28.00 min 
final flow time 29.00 min 
total flow time (T) 57.00 min 
l st final flow pressure 85.00 ps1g 
2nd final flow pressure 88.00 psig 
gauge depth 4770.00 psig 
ffilldwt. 9.40 lb/gal 
initial hydrostatic pressure 2415.00 psig 
~l hydrostatic pressure 2347.00 psig 
bht ll0.00 degrees f 
porous interval (h) 4.00 feet 

DST Quality Check calculated hydrostatic pressure 2329.24 psig 
oil spccfic gravity 0.80 g/cm"3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 174.07 ft-mud 
theoretical 2nd flow recovery 317.15 ft-oil 

Homer Plot Data M 215.00 psi/cycle 
reservoir pressure (pi) 1450.00 psig 
gas recovery (2nd flow) 156 mcfgpd 
fluid recovery (Ft.) 600.00 mco 
production rate (Q) 170.46 STB/D 
ave porosity 0.24 
production time (tp) 0.95 hours 
well bore radius 0.33 ft 
oil compressibility* l.39E-05 
viscosity* 0.39 cp 
fonnation factor (B)* 1.49 rb/stb 
oil gravity* 46.00 api 
penn (kh) 74.91 md-ft 
penn (k) 18.73 md 

Skin Factor Data pressure FSJP @ l hr 1415.00 psig 
skin factor l.83 
clP across skin 340.93 psig 
t1ow efficiency 0.76. 

Initial Production oil 76.00 bopd 
gas n/a mcfpd 
water 0.00 bwpd 
perfs 4770-76 ft 

e-'"'~" N"m~• HACKNEY 2-13 -
,- -

,00 GR 120.00 DEPTH ,30 DENIPOR •,10 _ 

,_ _s.s,~ _ C_A!-'~- - ~6~.QQ FEET ~0:.09 _ -- - -- _£N~_ - -- - -- _:1q_.c~o _ 
f-- -
,_ -- -
f-- I) . }--- -v -; - ~ - v 

JC-- 4770 •~r-- ---
f-- I 1" - - :..:_ 2 --,- -"'--17---,_ ' - -. 
-,_ -~- - ,-~ -- -4780 'l~D -

' 
-



Selzer 1-35 DST Analysis 

DST Data 
SELZER 1-35 

-" 

date 2/22/81 
well bore diameter 7.875 inches 
dtill-collar 510"00 feet 
drill-collar (ID) 2"25 inches 
drill-pipe 4183"00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 0"0049 bbl/ft 
drill-pipe-vol 0"0142 bbllft "-----~ 
initial flow time 30"00 min 
final flow time 15.00 nun 
total flow time (T) 45"00 min 
1st final flow pressure 280"00 psig 
2nd final flow pressure 34430 psig 
gauge depth 4772.00 psig 
mud wt no lb/gal 
initial hydrostatic pressure 2255"00 psig 
fm.al hydrostatic pressure 2268"00 psig 
bht 117"00 degrees f 
porosity thickness (h) 12"00 feet 

DST Quality Check calculated hydrostatic pressure 2280"64 psig 
oil spec fie gravity 0"80 g/cn{'3 
oil wt 6"68 lb/gal 
oil gradient 035 psi/ft 
theoretical 1st flow recovery 585"87 ft-mud 
theoretical 2nd flow recovery 1240"85 ft-oil 

Horner Plot Data M 150"00 psi/cycle 
rese1voir pressure (pi) 1800.00 psig 
gas recovery (2nd flow) 817 mcfgpd 
fluid recovery (Ft) 1620 00 ogcm,oil 
production rate (Q) 584"35 rbopd 
ave porosity 0"25 
production time ( tp) 0.75 hours 
well bore radius 0"33 ft 
oil compressibility* 139E-05 
viscosity"' 0.39 cp 
formation factor (B) • IA9 rb/stb 
oil gravity* 46"00 api 
penn (kh) 368"09 md-ft 
penn(k) 30"67 md 

Skin Factor Data pressure FSIP @ I hr 1779"00 psig 
skin factor 5"57 
dP across skin 725"50 psig 
flow efficiency 0"60 

Initial Production oil 24L00 bopd 
gas 385.00 mcfj:,d 
water n/a bwpd 
perts 4758-63 ft 

- Well Name. SELZER 1-35 -
-

"oo GR 150"00 DEPTH "30 DENS -"10 -
-

6"00 CALI 16"00 FEET "30 CNL -"10 
1-- -- - -- -- --- r- -- ------ -- -- - -- --- - - -

-

1--~~ ---~=> -
L--:1~- t-cL-::-e-- -~-(..---1--

- <' v- -Ir - -4760 
c---1--' -- -

'i -
- \ \ - -,"< 

I < 
4770 ~,- - - ~-- --

: '/ -



Selzer 3-2 DST Analysis 

DST Data 
SELZER3-2 

date 5/21/81 
well bore diameter 7.875 inches 
drill-collar 557 feet 
drill-collar (ID) 2.25 inches 
_<lrill_:pipe 4161 feet 
_<ir:il!:pipe (lD) 3.8 inches 
drill-collar*vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbllft 
initial flow time 30 min 
final flow time 30 min 
total flow time (I) 60 min 
1st final flow pressure 123 psig 
2nd final flow pressure 159 psig 
gauge depth 4752 psig 
mud wt. 8.9 lb/gal 
initial hydrostatic pressure 2278 psig 
final hydrostatic pressure 2246 psig 
bht 119 deb'Tees f 
porous interval (h) 8 feet 

DST Quality Check calculated hydrostatic pressure 2197.02 psig 
oil specfic gravity 0.80 g/crnA3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 266.04 ft-mud 
theoretical 2nd flow recovery 573.03 ft-oil 

Homer Plot Data M 580 psi/cycle 
reservoir pressure (pi) 1815 psig 
gas recovery (2nd flow) 170 mcfgpd 
fluid recovery (Ft.) 600 go 
production rate (Q) 133.05 STBID 
ave porosity 0.12 
production time (Ip) I hours 
well bore radius 0.33 ft 
oil compressibility* l.39E-05 
viscosity* 0.39 cp 
fonnation factor (B)* 1.49 rb/stb 
oil gravity• 46 api 
penn (kh) 21.68 md-ft 
penn (k) 2.71 md 

Skin Factor Data pressure FSJP@ 1hr 1712 psig 
skin factor -1.59 
dP across skin -800.86 psig 
fll1W efficiency 1.44 

Initial Production oil 123 bopd 
gas 192 mcfpd 
water 0 bwpd 
perfs 4748-54 ft 

- \/\/,c,II "'~-~· S:,I= 7=8. 3- > -
,- --

.00 GR 120.00 DEPTH .30 DEN/POR -.10 -
-- 6.00 - CALI 16.00 FEET _-?? - -- CNL -.10 -~-- -- -- - - ---- -- ~- -- --,_ -

-
,_ > 5 -
- - f---

4750 ( _, _ _., --
-- - - le:: -

I\ --

""---... -
--f-- --~ _,_ , ___ --4760 -· <:,_ - ., -

I\ 



Selzer 3-34 DST Analysis 

DST Data 
SELZER 3-34 --

date 2/16/82 
well bore diameter 7.875 inches 
drill-collar 556.00 feet 
dnil-collar (ID) 2.25 inches 

--

drill-pipe 4150.00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbl\ft 
initial flow titne 30.00 min 
final flow time 15.00 min 
total flow time (T) 45 00 min 
1st final flow pressure 435.00 psig 
2nd final flow pressure 440.00 psig 
gauge depth 4641.00 psig 
mud wt. 9.20 lb/gal 
initial hydrostatic pressure 2355.00 psig 
final hydrostatic pressure 2314.00 psig 
bht 120.00 degrees f 
porous interval (h) 5.00 feet 

DST Quality Check calculated hydrostatic pressure 2218.03 psig 
oil spccfic gravity 0.80 g/cmi3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 910.19 ft-mud 
theoretical 2nd flow recovery 1585.76 ft-oil 

Homer Plot Data M 325.00 psi/cycle 
reservoir pressure (pi) 161000 psig 
gas recovery (2nd flow) 0.28 mcfgpd 
fluid recovery (Ft.) n/a oil 
production rate (Q) 50.00 STB/D 
ave porosity 0.17 
production time (tp) 0.75 hours 
well bore radius 0.33 ft 
oil compressibility• l.39E-05 
viscosity* 0.39 cp 
fom1ation factor (B)* 1.49 rb/stb 
oil gravity• 46.00 api 
penn (kh) 14.54 md-ft 
penn (k) 2.91 md 

Skin Factor Data pressure FSIP @ !hr 1577.00 psig 
skin factor -0.43 
dP across skin -121.08 psig __ 
flow efficiency 1.08 

Initial Production oil 280.00 bopd 
gas 450.00 mcfpd 
water 0.00 bwpd 
perfs 4751-54 ft 

-\/\fall Nam,a· ccc1 71=R s_-:,,1 

00 GR 120 0 DEPTH 30 DEN/POR -.10 

- f-6.QQ _C_A!,1_ _1§_,_9( FEET ~0:.0.9 _ ----- ~~-- ----- _-1_0,cx 

-
...... ,-v' '- - c...._ - ,__- D ,-- -~ - 4750 I ,..-

- \r---.___ -tee 
- I'- ~D 

4760 
~- ·-::: V ,- I< r--._ 



Selzer 3-34 DST Analysis 

DST Data 
SELZER 3-34 

date 2/16/82 
well bore diameter 7.875 inches 
drill-collar 556.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 4150.00 feet ·-drill-pipe (ID) 3 80 inches 
drill-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbllft 
lfiitial flow time 30.00 min 
final flow time 15 00 min 
total flow time (I) 45.00 min 
~_nal flow pressure 435.00 psig 
2nd fuial flow pressure 440.00 psig 
gauge depth 4641.00 psig 
mud wt. 9.20 lb/gal 
initial hydrostatic pressure 2355.00 psig 
final hydrostatic pressure 2314.00 psig 
bht 120.00 degrees f 
porous interval (h) 5.00 feet 

DST Quality Check calculated hydrostatic pressure 2218 03 psig 
oil specfic gravity 0.80 g/cmA3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 91019 ft-mud 
theoretical 2nd flow recovery 1585.76 ft-oil 

Homer Plot Data M 325.00 psi/cycle 
reservoir pressure (pi) 1610.00 psig 
gas recovery (2nd flow) 0.28 mcfgpd 
fluid recovery (Ft.) n/a oil 
production rate (Q) 50.00 STB/D 
ave porosity 0.17 
production time (tp) 0.75 hours 
well bore radius 0.33 ft 
oil compressibility* l.39E-05 
viscosity* 0.39 ·cp 
fonnation factor (B)* 1.49 rb/stb 
oil gravity* 46.00 api 
pem1 (kh) 14.54 md-ft 
pem1 (k) 2 91 md 

Skin Factor Data pressure FSIP@ 1hr 1577.00 psig 
skin factor -0.43 
dP across skin -121.08 psig 
flow efficiency 1.08 

Initial Production oil 280.00 bopd 
gas 450.00 mcfpd 
water 0 00 bwpd 
perfs 4751-54 ft 

-\Al=II N"m~• 
""" 7<=0 

_,,,. 
-

.00 GR 120.0 DEPTH .30 0~"•10OR -.10 

- _ 6.QQ _C_A_!..1 _ __ 1_/U)( FEET ~0.:_0_9 _ ----- ..--S:N!:-_ - ----- _-1_0,0< 

-- __ _,, ---:T_ (-,--- - D ,_ 4750 --~- -,-
\r--. :-... 

,_ "'1'-.. :) 
"-c- ---

4760 / V --,- I( 



Selzer 4-2 DST Analysis 

DST Data 
SELZER4-2 

date 6/l]/81 
well bore dian1eter 7,875 inches 
drill-collar 420.00 feet 
drill-collar (ID 2.25 inches 
drill-pipe 4312.00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbllft 
initial flow time 30.00 mm 
final flow tin1e 30 00 rnin --
total flow time (T) 60.00 mm ·----
1st final flow pressure 314.00 ps1g 
2nd final flow pressure 233.00 psig 
gauge depth 4773.00 psig 
mud wt. 9.10 lb/gal 
initial hydrostatic pressure 2241.00 psig 
final hydrostatic pressure 2176.00 psig 
bht 124.00 degrees f 
porous interval (h) 1000 feet 

DST Quality Check calculated hydrostatic pressure 2256.32 psig 
oil specfic gravity 0.80 g/cmA3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 664.23 ft-mud 
theoretical 2nd flow recovery 839,73 ft-oil 

Homer Plot Data M 45.00 psi/cycle 
reservoir pressure (pi) 1790.00 psig 
gas recovery (2nd flow) 048 mcfgpd 
fluid recovery (Ft.) 660.00 gem 
production rate (Q) 262.37 STB/D 
ave porosity 0.17 
production time (tp) 1.00 hours 
well bore radius 0 33 ft 
011 compressibility• 1.39E-05 
viscosity* 0.39 cp 
fom1ation factor (B)* 149 rb/stb 
oil gravity• 46.00 api 
penn (kh) 550.90 md-ft 
pem1 (k) 55 09 md 

Skin Factor Data pressure FSIP @ 1hr 1785.00 psig 
skin factor 33.70 
dP across skin 1317.00 psig 
flow efficiency 0.26 

Initial Production oil 113.00 bopd 
gas 195.00 mcfpd 
water 0.70 bwpd 
perfs 4762-69 ft 

-Well Name: SELZER 4-2 -
- -

.00 GR 120.00 DEPTH .30 CNL •.10 _ 

- 6.00 CALI 16.00 FEET --- ---- ---
- -
-- -

I --- - --·---
-- ·- -·------- --· l---1- --- 4760 __ :::i 

- /-
-1- -

-- N ----, --
- -·-- 1-1-f------- ---·--f---1- -

'' 4770 -," 
I 

,, 
11 -

- -



Selzer 4-35 DST Analysis 

DST Data 
SELZER 4-35 

date 12.12181 
well bore diameter 7.875 inches 
drill-collar 605.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 4108.00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 00049 bbl/ft 
drill-pipe-vol 0.0142 bbl\ft 
initial flow time 30.00 min 
final flow time 3000 min 
~_flow time (T) 6000 min 
~!._Tlal flow pressure 90 00 psig 
2nd final flov .. · pressure 60 00 ,1ps1g 
gauge depth ~7~8 00 I psig --~---
mud wt 9 20 llbigal 
initial hydrostatic pressure :3 26 I)): psig -----· 
final hydrostatic pressure :273 OOips1g 
bht I I 8 00 'degrees f 
porous interval (h) 5.00 feet 

DST Quality Check calculated hydrostatic pressure 2269.17 psig 
oil specfic gravity 0.80 g/cm"3 
oil wt 6.68 lb/gal 
oil gradient I 0.35 psi/ft 
theoretical 1st flow rccs:wery 188.32 ft-mud 
theoretical 2nd flow rernYery 216.24 ft-oil 

Homer Plot Data M 73.00 psi/cycle 
reservoir pressure (pi) 1574.00 psig 
gas recovery (2nd f107,) 0.15 mcfgpd 
fluid recovery (Ft) 65.00 gem 
production rate (Q) 15.29 STB/D 
ave porosity 0.15 
production time (tp j 1.00 hours 
well bore radius I 0.33 ft 
oil compress1b1lity,..... i l.39E-05 
viscosity* 0.39 cp 
fom1ation factor (B /• I 1.49 rb/stb 
oil gravity• 46.00 ap1 
pern1 (kh) 19.79 md-ft 
pem1 (k) 3.96 md 

Skin Factor Data pressure FSIP@ 1hr 1557.00 psig 
skin factor 18.86 
dP across skin 1]95.51 psig 
flow efficiency 0.24 

Initial Production oil 0.00 bopd 
gas 0.00 rncfpd 
water 0.00 bwpd 
perfs 4566-4569 ft 

-well Name: SELZER 4-35 -
- -

.00 GR 120.00 DEPTH .30 OEN/POR -.10 -
- _ 6.~ ~C!-,!:,-1 _ _ _ 16.:_Q9 FEET .--·~o_ - ----- _£NL __ __ --- -- _-.)~ -
- -

4740 ·--r----.-,._---V 
--15' ' -

- -- I IS- -L - '---- ---
- " I I ' rr ~- -

---: i "~-I -4750 -+--
- ""~ i ! 

: . / ) -
- I k' I '\ -
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Selzer 6-2 DST Analysis 

DST Data 
SELZER6-2 

date 9/21/81 
well bore diameter 7.875 inches 
drill-collar 490.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 425100 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-vol 0.0049 bbl/ft 
drill-pipe-vol 0.0142 bbl\ft 
initial flow time 30.00 min 
final flow time 30.00 min 
total flow time (T) 60.00 min 
1st final flow pressure 273.00 psig 
2nd final flow pressure 498.00 psig 
gauge depth 4783.00 psig 
mud wt 9.00 lb/gal 
initial hydrostatic pressure 2395.00 ps1g 
final hydrostatic pressure 232100 psig 
bht 129.00 degrees f 
porous interval (h) 12.00 feet 

DST Quality Check calculated hydrostatic pressure 2236.20 psig 
oil specfic gravity 0.80 g/cm"3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st flow recovery 583.92 ft-mud 
theoretical 2nd flow recovery 1794.79 ft-oil 

Homer Plot Data M 450.00 psi/cycle 
reservoir pressure (pi) 1780.00 psig 
gas recovery (2nd flow) 0.001 mcfgpd 
fluid recovery (Ft.) 1400.00 go,w 
production rate (Q) 735.50 STB/D 
ave porosity 0.20 
production time (tp) JOO hours 
well bore radius 0.33 ft 
oil compressibility• l.39E-05 
viscosity* 0.39 cp -~ 
formation factor (B)* 1.49 rb/stb 
oil gravity• 46.00 api 
perm (kh) 154.43 md-ft 
pem1 (k) 12.87 md 

Skin Factor Data pressure FSIP @ !hr 1702.00 psig 
skin factor -2.12 
dP across skin -826.90 psig 
flow efficiency 1.46 

lnitial Production oil 292.00 bopd 
gas 200.00 mcfpd 
water 0.00 bwpd 
perfs 4764-67 ft -Well Name: SELZER 6-2 

I- .00 GR 120.00 DEPTH ,30 DEN/POR -.10 
,_ 6.00 CALI 16.00 FEET 30.00 CNL -10.0 -
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Selzer 9-2 DST Analysis 

DST Data 
SELZER 9-2 -
date 12/15/82 
well bore diameter 7.875 inches 
drill-collar 567.00 feet 
drill-collar (ID) 2.25 inches 
drill-pipe 4164.00 feet 
drill-pipe (ID) 3.80 inches 
drill-collar-,·ol 0.0049 bbl/ft 
drill-pipe-vol 00142 bbl\ft 
initial flow time 25.00 min 
final flow time 60.00 mm 
total flow time (1) 85.00 min 
I st fmal flov.· pressure 108.00 ps1g 
2nd final t1ow pressure 139.00 psig 

j.~uge depth 4764.00 psig 
mud wt 9.20 lb!Jlal 

Tnitiafhydrostatic pressure 2384.00 psig 
~I hYdrostatic pressure 231 LOO psig 
bht 117.00 degrees f 
porous interval (h) 6.00 feet 

DST Quality Check calculated hydrostatic pressure 2276.81 ps1g 
oil specfic gravity 0.80 g/cm"3 
oil wt 6.68 lb/gal 
oil gradient 0.35 psi/ft 
theoretical 1st t1ow recovery 225.98 ft-mud 
theoretical 2nd t1ow recovery 500.95 ft-oil 

Homer Plot Data M 3000.00 psi/cycle 
reservoir pressure (pi) 1250.00 psig 
gas recovery (2nd flow) 0000 rncfgpd 
fluid recovery (Ft.) 185.00 sogcm &m 
production rate (Q) 21.76 STB/D 
ave porosity 0.15 
production time (tp) 1.42 hours 
well bore radius 0.33 ft 
01l compressibility* 1.39E-05 
viscosity"' 0.39 cp 
fonnation factor (B)* 1.49 rb/stb 
oil gravity* 46.00 api 
penn (kh) 0.69 md-ft 
pem1 (k) 0.11 md 

Skin Facto~ Data pressure FSIP @ 1hr 395.00 psig 
skin factor -2.96 
dP across skin -7709.27 psig 
flow efficiency 7.17 

Initial Production oil 7.00 bopd 
gas n/a mcfpd 
water n/a bwpd 
perfs 4765-72 ft 

-\A/all OJ~~a· SELZER 9-2 -
- -

.00 GR 120.00 DEPTH .30 DEN/POR -.10 _ 
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Appendix E 

Collier Flats Field 
Reservoir Characterization Database 

Individual Well Worksheet Smrunary 

Wells Listed In Alphabetical Order 



Individual Well SUmmartes 

WELL-NAME ID PCODE TCODE X y LOW-GR POR-FT POR >10%,-FT AVE-GR AVE-POR POR"h AVE-SW AVE-PERM PAY NON-PAY OOIP I EUR-23% EUR-36% 
Baker 1 132 1 8.3602 12.5402 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 
Baker 1-34 129 3 8.6838 17.5212 3 3 3 22 13 0.40 39 3 3 0 50,950 11,719 I 18,801 
Bevier 1 108 3 10.6067 13.4645 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 1.E+30 I 1.E+30 
Beyler2-11 107 5 10.6076 14.1384 10 11 11 26 18 2.10 38 66 8 3 271,422 62,427 100,155 
Christian 1-11 87 4 11.2956 14.1206 5 7 7 29 24 1.80 17 26 7 0 311,015 71,534 114,765 
Christian 2-11 86 5 11.3040 13.4761 8 10 10 26 29 2.86 17 38 10 0 494,471 113,728 182,460 
Christian 3-11 64 1 11.9507 13.4618 3 3 3 39 17 0.53 28 4 3 0 79,883 18,373 29,477 
Girk1 40 1 12.6712 19.4963 3 4 4 33 11 0.43 32 2 4 0 61,603 I 14,169 22,732 
Girl< 11-1 122 5 10.6339 12.2012 5 5 4 37 11 0.57 64 2 I 4 1 41,054 9,443 15,149 
Girl< 11-2 101 1 9.9304 12.1673 4 0 0 60 6 1.E+30 1.E+30 1.E+30 I 0 0 0 a a 
Girk2 43 1 12.6649 18.8150 3 0 0 60 2 1.E+30 1.E+30 1.E+30 0 a 0 a 0 
Girk3 29 1 13.2573 19.4622 2 0 0 85 4 1.E+30 1-''+30 1.E+30 I 0 0 0 I 0 I 0 
Hacknev 1 127 1 12.6174 11.5539 2 1 0 20 8 0.08 47 1 I 1 i a 9,008 2,072 3,324 
Hacknev 2-13 50 3 12.6169 10.8855 5 5 5 28 19 0.75 37 37 4 0 99,173 22,810 36,595 
Hambur R. Baker 1 53 1 12.4713 24.0010 2 0 0 30 4 1.E+30 1.E+30 1.E+30 I 0 a 0 0 0 
Halliburton Baker 3 48 3 12.6300 22.1215 4 3 3 24 13 0.42 57 3 2 1 33,017 7,594 12,183 
Halliburton Norton 1 84 1 11.3207 20.2003 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 
Holly Baker 1 103 5 10.6264 16.8794 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 1.E+30 1.E+30 
Holly Baker2 102 5 10.6295 16.2207 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 
Holly Robert Wimmer 1 95 1 11.2190 19.4900 4 0 0 30 3 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Lemon 1 80 1 11.3368 10.1631 6 5 5 21 14 0.72 23 29 5 0 116,085 26,699 42,835 
Lemon 1-26 54 3 12.1071 6.2732 3 7 6 41 11 0.77 87 2 0 7 0 0 0 
Lemon 10 39 5 12.6950 8.9192 3 4 4 26 22 0.90 21 8 4 0 148,540 34,164 54,811 
Lemon 11 99 3 10.66201 11.5521 6 5 5 17 14 0.72 26 30 5 0 111,282 25,595 41,063 
Lemon 12 27 1 13.3539 8.2462 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 
Lemon 14 57 1 12.026 8.2586 6 3 1 30 9 0.27 69 2 3 0 I 17,545 4,035 6,474 
Lemon 15 26 1 13.3620 10.1845 4 0 0 50 4 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Lemon 2X 98 5 10.6742 10.1805 6 0 0 28 6 1.E+30 1.E+30 1.E+30 0 0 I 0 0 0 
Lemon 3 58 5 12.0151 101682 6 6 6 22 15 0.93 20 43 6 0 ! 154,881 35,623 57,151 
Lemon4 82 1 11.3295 9.5520 3 0 0 30 2 1.E+30 1.E+30 1.E+30 0 0 0 I 0 0 
Lemor.5 41 I 5 12.6679 10.1762 3 5 5 33 23 1.12 16 35 5 0 I 196,783 45,260 72,613 
Lemon 6 55 5 12.0431 9.5255 8 10 10 31 19 1.94 26 61 10 0 ! 300,197 ! 69,045 110,773 
Lemon7 38 3 12.7022 9.5399 4 6 4 27 18 1.08 33 1 4 2 83,062 19,104 30,650 
Lemon 8 56 3 12.0328 8.8952 3 4 2 30 10 0.39 28 4 4 0 58,854 I 13,536 I 21,717 
Lemon9 100 5 10.6552 10.8805 3 3 3 32 14 0.43 37 3 3 0 I 56,338 I 12,958 20,789 
Lemon Bar 1 22 1 14.8347 3.4699 3 0 0 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Luema Mai 1 106 1 10.6127 12.7866 6 5 4 17 11 0.59 44 2 5 0 68,743 15,811 I 25,366 
Marlene 1-23 96 1 10.7258 6.8963 3 2 2 24 11 0.22 46 2 2 0 24,915 5,730 9,194 
Midwest Baker 1 51 5 12.6168 21.5463 3 5 5 33 11 0.57 23 2 5 0 90,514 20,818 33.400 
Midwest Baker 2 30 1 13.2447 22.1100 2 0 0 36 6 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Midwest Robert Wimmer 74 1111.8846 19.4946 2 0 0 37 1.E+30 1.E+30 1.E+30 1.E+30 0 0 0 0 I 0 
Norton 1 69 51 11.9066 20.8764 5 4 4 39 22 0.88 13 5 4 0 159,899 36,777 59,003 
Ora Baker 1 63 1 11.9512 16.2203 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 1.E+30 
Ora Baker 4 66 1 11.9353 16.8790 2 0 0 50 2 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Petro 11-1 78 3 11.3634 12.1811 5 4 2 30 10 0.41 66 2 2 2 21,543 4,955 I 7,949 
Petro 11-2 59 3 12.0065 12.1955 3 2 2 25 11 0.21 56 2 2 0 19,695 4,530 7,267 
Petro 11-3 83 3 11.3258 12.8174 8 9 9 18 21 1.94 I 41 51 6 3 223,824 51,480 ! 82.591 
Petro 11-4 61 3 11.9882 12.8287 4 3 3 35 10 0.29 40 2 3 0 36,433 8,380 13,444 
Petro 12-1 23 1 14.0621 13.4615 2 0 0 30 6 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Ralph Baker 5 42 5 12.6678 17.5426 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 I 1.E+30 
Resource Baker 1 73 3 11.8907 22.8719 4 4 4 19 14 0.55 I 43 3 4 0 I 64,630 14,865 23,848 
Rhoades 1 60 5 11.9958 10.9032 3 2 2 25 15 0.30 19 13 2 0 51,273 11,793 18,920 
Rhoades 2 81 5 11.3336 10.8792 6 9 9 30 19 1.72 22 79 9 0 277,585 63,845 102,429 
Rhoades 3 I 79 I 5 11.3369 11.5762 6 6 6 30 16 0.98 25 17 6 I 0 153,894 35,396 56,787 
Rhoades 4 62 5 11.9772 11.5555 5 6 6 34 16 0.99 30 48 6 I 0 144,472 I 33,229 53,310 
RJ Ora Baker 2 88 5 11.2952 16.8712 3 3 2 26 11 0.35 53 2 3 0 34,898 I 8,026 12,877 
RJ Ora Baker 3 91 5 11 2856 16.2189 3 5 4 28 14 0.74 44 34 5 I 0 86,163 I 19,817 31,794 
RJ Ralph Baker 1 35 3 12.7538 16.2124 3 4 4 34 14 0.55 46 3 4 I 0 62030 I 14 267 I 22.889 
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RJ Raloh Baker 2 44 I 1 12.6550 18.2206 3 2 2 I 26 10 0.20 71 2 I 2 I 0 11,921 I 2,742 4,399 
RJ Ralph Baker 3 28 1 13.3398 16.1976 2 0 0 I 28 6 1.E+30 1.E+30 1.E+30 0 I 0 0 0 0 
RJ Raloh Baker 4 37 5 12.7248 16.9418 4 4 4 I 24 17 0.67 34 4 I 4 0 91,112 20,956 33,620 
RJ Robert Wimmer 1 92 1 11.2506 17.5460 3 0 0 I 36 6 1.E+30 1.E+30 1.E+30 I 0 0 0 0 0 
RJ Robert Wimmer 2 67 1 11.9321 17.5474 3 0 0 36 2 1.E+30 1.E+30 1.E+30 I 0 0 0 I 0 0 
RJ Robert Wimmer 3 I 70 1 11.9065 18.2318 2 0 0 0 2 1.E+30 1.E+30 1.E+30 0 0 0 I 0 0 
RJ Robert Wimmer 4 94 3 11.2441 18.2336 4 3 3 31 11 0.34 45 2 3 0 38,470 8,848 14,195 
Schweitzer 1 44 3 11.8944 22.1071 6 2 2 21 16 0.32 31 3.6 2 I 0 46,102 10,604 I 17,012 
Schweitzer2 85 1 11.3175 21.5403 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 
Schweitzer3 72 3 11.8908 21.5287 4 6 4 43 14 0.86 36 3 6 0 I 115,357 26,532 42,567 
SELZER 1-2 65 1 11.9484 15.4748 4 0 0 45 2 1.E+30 1.E+30 1.E+30 0 0 I 0 0 0 
SELZER 1-34 128 1 9.2825 18.1940 3 0 0 36 6 1.E+30 1.E+30 1.E+30 I 0 0 I 0 I 0 0 
Se!zer 1-35 109 5 10.5977 17.5413 5 7 6 32 21 1.78 32 59 6 1 235,693 54,209 I 86,971 
SELZER 1-A 125 5 9.3208 16.8542 4 6 4 36 15 0.90 33 3 6 0 125,429 28,849 46,283 
Se1Zer2-2 120 3 9.9607 16.8877 4 5 4 34 12 0.62 34 2 5 0 85,208 19,598 31,442 
SELZER 2-34 I 135 1 7.3717 19.5235 4 0 0 30 4 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Selzer2-35 116 5 9.9959 17.5176 5 5 4 27 14 0.75 23 3 5 0 120,830 i 27,791 44,586 
SELZER 2-A 124 5 9.3272 16.1826 5 7 7 35 14 1.06 54 3 6 1 100,015 23,003 36,906 
Selzer 3-2 117 3 9.9831 16.2129 5 7 4 30 10 0.73 35 2 7 I 0 97,406 22,403 35,943 
Selzer 3-34 126 5 9.2986 17.5032 6 4 4 25 18 072 29 4 I 4 0 I 106,035 24,388 39,127 
Selzer 3-35 110 3 10.5849 18.2193 6 6 6 12 14 0.86 28 36 6 0 I 129,179 I 29,711 47,667 
SELZER 3-A 123 1 9.3369 15.4724 5 6 6 30 18 1.07 47 65 6 0 I 118,351 27,221 43,672 
Selzer 4-2 105 5 10.6203 15.4880 6 7 8 18 14 1.15 40 35 6 2 I 131,813 30,317 48,639 
Selzer 4-34 133 1 8.0054 18.1945 6 4 4 25 10 0.42 82 2 2 2 I 11,966 2,752 4,416 
Selzer4-35 114 1 10.0181 18.2149 5 2 2 12 12 0.24 57 2 2 0 I 21,525 4,951 7,943 
Selzer 5-2 121 5 9.9579 15.4834 8 10 10 38 19 1.92 43 61 8 2 I 215,586 49,585 I 79,551 
Selzer6-2 104 5 10.6235 14.8197 8 11 11 37 17 1.89 50 53 8 3 I 181,682 41,787 67,041 
Selzer7-2 89 5 11.2891 14.8243 5 5 5 31 16 0.88 48 51 4 1 92,146 21,194 34,002 
Selzer8-2 90 4 11.2860 15.4670 6 9 9 20 20 1.92 35 59 8 1 I 255,362 58,733 94,229 
Se!zer 9-2 119 3 9.9642 14.8183 5 6 5 38 14 0.85 61 3 6 0 i 69,711 16,034 25,723 
Selzer 6-1 130 5 8.6554 15.4678 4 4 2 20 9 0.38 84 2 0 0 I 0 0 0 
Smith Weede 1 19 1 15.4916 16.0091 3 0 0 30 2 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
Thomhill 1 52 3 12.5661 22.8380 4 5 4 31 10 0.53 25 2 5 I 0 83,151 19,125 30,683 
Thomhill2 31 1 13.2348 23.5239 3 0 0 35 6 1.E+30 1.E+30 1.E+30 0 ' 0 I 0 0 0 
Wa1ers 1-25 25 3 13.4286 5.5765 3 4 4 36 13 0.52 89 3 0 0 0 0 I 0 
Waters 2-25 34 1 12.7633 6.2558 2 0 0 45 2 1.E+30 1.E+30 1.E+30 0 0 0 0 I 0 
Wesley Girl< 1 36 1 12.7317 15.4894 2 0 0 45 2 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
WeslevGir1<2 24 1 13.9866 15.4631 5 4 4 28 14 0.56 I 62 3 4 0 44,033 10,128 16,248 
WillemsA-1 112 3 10.5725 18.8266 5 5 5 28 19 1.01 27 65 5 0 152,792 35,142 56,380 
Willems 2-A 115 1 9.9959 18.8640 2 0 0 30 5 1.E+30 1.E+30 1.E+30 0 0 0 0 0 
WillemsA-3 111 3 10.5725 19.4822 5 6 6 43 20 1.17 41 53 6 0 144,341 33,198 53,262 
Wi!!emsA-4 118 3 9.9738 19.4873 4 2 1 32 9 0.17 52 1 2 0 17.337 3,987 6,397 
Wi!!emsA-5 97 3 10.6996 20.2087 5 5 4 38 11 0.60 62 2 5 0 47,730 10,978 17,612 
VVil!ems 6--A 113 5 10.0373 20.1976 3 0 0 40 6 1.E+30 1.t'+30 1.E+30 0 0 0 0 0 
Winn Baker 1 I 45 1 12.6529 19.9847 1.E+30 1.E+30 1.E+30 I 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 
Woo~olk 1 32 1 13.0822 4.6281 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 1.E+30 
Woo~olk 1-34 76 I 1 11.4107 7.5825 5 5 4 22 10 0.49 95 2 0 0 0 0 0 
YUCCA ORA BAKER 1 93 1 11.2442 22.8737 3 0 0 25 6 1.E+30 1.E+30 ' 1.E+30 0 0 0 0 0 
YUCCA ORA BAKER 2 68 1 11.9160 23.5853 3 0 0 35 6 1.E+30 1.E+30 1.E+30 0 0 0 I 0 0 
Yucca Raloh Baker 1 47 3 12.6426 20.1518 4 4 4 50 16 0.64 24 4 4 0 101,480 i 23,340 37,446 
Yucca Ralph Baker 2 46 3 12.6507 20.4538 3 2 1 23 10 0.21 38 2 2 

' 
0 27,090 I 6,231 I 9,996 

I I I 
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